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AB Endometrial (EC) and ovarian (OC) cancers are generally considered as post-
menopausal, hormone-dependent pathologies with increasing incidence and mortality rate. 
Estrogen intracrine action is regarded vital in the cancer initiation and progression. Estrogens 
can form locally from androgen and estrogen precursors, through the aromatase and the 
sulfatase pathway, respectively. Here we intend to elucidate the contribution of the sulfatase 
pathway to active estrogen formation in model cell lines of EC and OC, by means of liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). For this purpose we developed a 
robust LC-MS/MS method with a picomolar sensitivity for the following analytes: estrone 
(E1), estrone sulfate (E1-S), estradiol (E2), and estradiol sulfate (E2-S). Control and model 
cell lines of EC and OC were incubated with different E1-S concentrations for 8, 24, 48, and 
72 hours, and the formed metabolites analyzed by LC-MS/MS. Our data indicate that the 
sulfatase pathway contributes to the estrogen formation actively, yet differently in EC and 
OC model cell lines and the respective control lines. More specifically, greater levels of E1 
and E2 are synthesized in the EC and OC model cell lines comparing to the respective control 
lines, altogether implying an active role of estrogen in EC and OC carcinogenesis, acting as 
pro-proliferative hormones and/or genotoxic agents. 
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AI Rak endometrija (angl. endometrial cancer/EC) in jajčnikov (angl. ovarian cancer/OC) 
splošno obravnavamo kot hormonsko odvisni patologiji, ki sta značilni za obdobje po 
menopavzi, z naraščujočo pojavnostjo in smrtnostjo. Intrakrino delovanje estrogenov 
razumemo kot ključno pri začetku in napredovanju raka. Estrogeni se lahko tvorijo lokalno 
iz androgenih in estrogenih prekurzorjev, po aromatazni in sulfatazni poti. V tem delu 
nameravamo razjasniti prispevek sulfatazne poti pri nastanku aktivnih estrogenov v 
modelnih celičnih linijah EC in OC, s pomočjo tekočinske kromatografije sklopljene z 
masno spektrometrijo (LC-MS/MS). V ta namen smo razvili robustno LC-MS/MS metodo s 
pikomolarno občutljivostjo za sledeče analite: estron (E1), estron sulfat (E1-S), estradiol 
(E2), in estradiol sulfat (E2-S). Kontrolne in modelne celične linije EC in OC smo inkubirali 
z različnimi koncentracijami E1-S, 8, 24, 48, in 72 ur in nastale metabolite analizirali z LC-
MS/MS. Naši podatki kažejo, da sulfatazna pot aktivno prispeva k nastanku estrogenov, 
vendar različno pri EC in OC modelnih celičnih linijah v primerjavi z ustreznimi kontrolnimi 
celičnimi linijami. Bolj podrobno, EC in OC modelni celični liniji sintetizirata več E1 in E2 
v primerjavi z ustrezno kontrolno linijo. Zadnje nakazuje aktivno vlogo estrogenov kot pro-
proliferativnih in/ali kot genotoksičnih spojin pri karcinogenezi EC in OC.  
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Endometrial (EC) and ovarian (OC) cancer are predominantly post-menopausal, hormone-
dependent pathologies that constitute a great portion of the female malignancies worldwide.  
Estrogen intracrine action, i.e., estrogen local synthesis, action, and metabolism, is 
considered vital for disease onset and progression. The local estrogen synthesis can happen 
from androgen and estrogen precursors via the aromatase and sulfatase pathway, 
respectively. The contribution of these two biochemical pathways to the local formation of 
the pro-proliferative estrogens in EC and OC is not yet clear. This master thesis tries to 
elucidate the contribution of the sulfatase pathway to the estrogen formation in EC and OC. 
 
 
1.1. THESIS AIMS AND HYPOTHESIS 
 
The aims of our study were: 
 
1. To develop a reliable liquid chromatography tandem-mass spectrometry (LC-MS/MS) 
method for identification and quantification of E1, E1-S, E2, and estradiol sulfate (E2-S); 
 
2. To explore the estrogen formation from E1-S in model cell lines of EC and OC using 
LC-MS/MS. 
 
The aims were thus to contribute to better understanding of local estrogen formation in EC 
and OC. 
 
Our hypothesis were the following: 
1. Using LC-MS/MS we can successfully identify and quantify E1, E1-S, E2, E2-S; 
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2. LITERATURE REVIEW 
 
The ovaries are the female gonads, and their main functions include follicular maturation, 
ovulation, and corpus luteum formation. An ovary is composed of an outer cortex, where 
ovarian follicles reside in stromal tissue, and a medulla, the site of blood vessels, lymph 
vessels, and nerves of the ovary. A connective tissue capsule, called the tunica albuginea, 
and a layer of simple epithelium cover the ovaries (Guyton and Hall, 2006; White and 
Porterfield, 2013). 
 
The ovarian follicle, the functional unit of the ovaries, forms by a gradual maturation of 
primordial follicles in a process called folliculogenesis (Figure 1A). During this process, 
primordial follicles progress into preantral (primary and secondary) follicles, which develop 
layers of supporting cells (thecal and granulosa cells), then into antral (tertiary) follicles. At 
this stage, a dominant (pre-ovulatory, graafian) follicle is selected, and continues to develop. 
The process ends with ovulation and formation of a corpus luteum, which eventually 
degenerates if pregnancy is not established (White and Porterfield, 2013). 
 
A mature ovarian follicle performs both gametogenic and endocrine functions. The 
endocrine function of the ovarian follicle includes synthesis of three classes of steroid 
hormones: progestogens, androgens, and estrogens, which have a profound effect on the 
female reproductive organs, starting with the onset of puberty, until the end of the 
reproductive age (Guyton and Hall, 2006). 
 
The uterus, a female reproductive organ with functions related to supporting a pregnancy, is 
largely affected by the oscillating levels of the steroid hormones from ovarian origin. The 
uterine wall is composed of three layers: perimetrium, the most superficial, serous epithelial 
membrane; myometrium, a thick middle layer of smooth muscles enabling uterine 
contractions; and endometrium, the innermost layer, consisting of a connective tissue 
covered with epithelium (Figure 1B) (White and Porterfield, 2013).  
 
The endometrium is organized in a functional and basal layer (Hapangama et al., 2019), and 
is especially sensitive to the hormones released from the ovaries (Figure 1C). This sensitivity 
is exemplified by regular monthly cyclic changes of estrogen-induced proliferation 
(follicular phase) and progesterone-induced differentiation (luteal phase), required for the 
preparation of a favorable uterine environment for fertilization, implantation of a fertilized 
egg, and maintenance of the early embryo, as well as, menstrual shedding when pregnancy 
is not established (Colgan and Meg McLachlin, 2008; Guyton and Hall, 2006; Tempest et 
al., 2018; White and Porterfield, 2013). 
 
3 
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The end of the female reproductive age comes to scene as a result of the “burning -out” of 
the ovaries (Guyton and Hall, 2006). At the age of 40 to 50 years, the number of primordial 
follicles drastically drops, steroid hormone production is reduced, and ovulation often fails 
to occur. After several months to a few years, ovulation ceases altogether, the remaining 
primordial follicles become atretic, and the female sex hormones diminish to almost none. 
With the exhaustion of ovarian follicles, the endometrial cycling also ceases. In established 
menopause, the endometrium lacks both proliferative and secretory activity, and is thin, 
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2.1. OVARIAN AND ENDOMETRIAL CANCERS AS POST-REPRODUCTIVE 
HORMONE-DEPENDENT PATHOLOGIES 
 
The hypothesis of hormone-induced carcinogenesis states that excessive hormonal 
stimulation of a particular organ, whose normal growth and function are under hormonal 
control, can result in progression from normal growth to hyperplasia to neoplasia (Doufas 
and Mastorakos, 2000; Henderson et al., 1988; Wu et al., 2009). Steroid hormones, estrogens 
in particular, can have a great role in the onset and progression of hormone-dependent 
cancers, such as prostate, breast, ovarian, and endometrial cancers, which account for 20% 
of all cancers in humans, and more than 35% of cancers in women (Ferlay et al., 2015).  
 
In the case of ovarian cancer, it is well established that short and long estrogen exposure via 
menopausal hormone therapy use, doubles the probability of ovarian cancer initiation (Beral 
et al., 2015). Furthermore, ovarian cancerous tissue expresses estrogen receptors (El-
Sharkawy et al., 2018; Langdon et al., 1990; Naik et al., 2015), and is sensitive to inhibitors 
of estrogen synthesis (J. C. Chura et al., 2009). Considering all of the above, it can be 
concluded that estrogens have a role in ovarian cancer genesis and development.  
 
Regarding endometrial cancer, the essential role of estrogens in the development of the 
disease is more straightforward, as approximately 80% of the cases are dependent from and 
responsive to estrogen through estrogen receptors (Sakaguchi et al., 2002). Moreover, 
cancerous endometrium contains greater estrogen concentration compared to normal 
endometrial tissue (Berstein et al., 2003), and is moderately responsive to endocrine therapy, 
including selective estrogen receptor modulators (SERM), and aromatase inhibitors (AI) 




2.1.1. Ovarian cancer (OC) 
 
Ovarian cancer (OC) is a general term for distinct pathologies that share the same anatomical 
position, but differ greatly both molecularly and etiologically (Vaughan et al., 2011). This 
heterogeneous disease mainly develops in postmenopausal women, and according to the 
American Institute for Cancer Research, is the seventh most common cancer in women 
(Clinton et al., 2020). The Global Cancer Observatory reported approximately 295.000 
incident cases (i.e. new cases, thus individuals who change in status from non-disease to 
disease) of OC in 2018, with mortality rate of 62.6%, and projected a 47% increase of 
incident cases, and a 58.6% increase of mortality rate by the year 2040 (Ferlay et al., 2019). 
 
6 
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Based on the cell-of origin, OC can be classified into four histological subtypes: epithelial, 
sex-cord stromal, germ cell, and mixed-cell type cancer (Kurman and Shih Ie, 2016; Rojas 
et al., 2016). 
 
Epithelial OC accounts for 90% of all OC cases (Gilks and Prat, 2009), and is further 
subdivided into two types: 
 
 Type I – tumors that develop gradually from borderline ovarian tumors, i.e. epithelial 
proliferative tumors of low-malignant potential (Hennessy et al., 2009). Low-grade 
serous ovarian carcinoma (LGSOC) (frequency <5%), endometrioid (frequency 
10%), clear-cell (frequency 10%), mucinous carcinomas (frequency 5%), malignant 
Brenner tumors (frequency 1%), and sero-mucinous carcinoma, belong to this group 
with good overall clinical outcome (Gilks and Prat, 2009); 
 
 Type II – tumors that develop from intraepithelial carcinomas in the fallopian tube 
and, disseminate as carcinomas that involve the ovary and extra-ovarian sites. High-
grade serous ovarian carcinoma (HGSOC) (frequency 70%), carcinosarcoma (rare), 
and undifferentiated carcinoma (rare), belong to this group with poor overall clinical 
outcome (Gilks and Prat, 2009). 
 
The more indolent type I carcinomas account for approximately 10% of deaths from OC, 
and are characterized by relative genomic/chromosomal stability, and genomic alterations in 
KRAS, BRAF, CTNNB1, CDKN2A, PIK3CA, PTEN genes. The highly aggressive type II 
carcinomas, on the other hand, account for approximately 90% of OC deaths, and are 
characterized with genomic/chromosomal instability, frequent mutations in TP53, and BRCA 
mutations in some cases (Hennessy et al., 2009; Kurman and Shih Ie, 2016; Mungenast and 
Thalhammer, 2014; Rojas et al., 2016). In particular, the HGSOC, the most prevalent type 
II OC, is characterized by DNA copy number alterations, frequent promoter methylation, 
and genomic alterations in TP53 (frequency 96%), BRCA1, BRCA2, CDK12, RB1, NF1 
genes (Bell et al., 2011). 
 
Factors that increase the number of ovulatory cycles, such as, nulliparity, early menarche, 
late menopause, and increasing age, also increase the risk of OC development, as the 
probability of occurrence and accumulation of genetic abnormalities increases. Short and 
long estrogen, and estrogen-progestogen replacement therapy (Beral et al., 2015), genetic 
mutations in the BRCA1 and BRCA2 genes (Chen et al., 2006; Risch et al., 2006), and some 
inflammatory processes associated with talc or asbestos exposure, endometriosis (Hennessy 
et al., 2009), are also associated with increased risk of OC development. Conversely, factors 
that reduce the number of ovulatory cycles, such as pregnancy, lactation, oral contraceptive 
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2.1.2. Endometrial cancer (EC) 
 
Endometrial cancer (EC) arises from the lining of the uterus predominantly in 
postmenopausal women, and according to the American Institute for Cancer Research, is the 
most common cancer of the female reproductive organs (Clinton et al., 2020). The Global 
Cancer Observatory reported approximately 380.000 incident cases of corpus uteri cancers 
in 2018, with mortality rate of 23.5%, and projected a 52.7% increase of incident cases, and 
70.6% increase of mortality rate by the year 2040 (Ferlay et al., 2019). 
 
Based on endocrine, clinical and histopathological characteristics, EC is categorized into two 
types: 
 
 Type I – estrogen-dependent adenocarcinoma, associated with favorable outcome 
and endometrioid morphology, assumed to originate from hyperplastic endometrium; 
 
 Type II – non-estrogen-dependent EC, with worse outcome and serous papillary or 
clear cell morphology, assumed to originate from atrophic endometrium (Bokhman, 
1983; van der Putten et al., 2017). 
 
Type I tumors account for 80-90% of EC cases, and are commonly associated with 
microsatellite instability and mutations, predominantly in the PTEN gene, which disrupt the 
regulation of cell growth and survival. Type II tumors are associated with mutations, 
predominantly in the TP53 gene, which affect the chromosomal and DNA copy number 
stability (Kamal et al., 2016; Yeramian et al., 2013). 
 
Based on genomic, transcriptomic and proteomic characterization, EC is categorized into 
four categories: cancers with mutation in the DNA polymerase ε, hyper-
mutated/microsatellite unstable cancers; somatic copy number low/microsatellite stable 
cancers; somatic copy number high (serous-like) cancers (Kandoth et al., 2013). 
 
Most of the risk factors of type I EC are either directly, or indirectly linked to unopposed 
estrogen (Mäenpää, 2020), and this might account for type II EC as well (Wan et al., 2016). 
Metabolic syndrome, characterized with obesity, hypertension, and hypertriglyceridemia 
(Esposito et al., 2014), type II diabetes mellitus (Rosato et al., 2011), polycystic ovary 
syndrome (PCOS) (Barry et al., 2014), early menarche (Brinton et al., 1992), late menopause 
(Zucchetto et al., 2009), have been shown to increase the risk for type I EC approximately 
twofold, postmenopausal use of tamoxifen fourfold (Fisher et al., 1998), whereas unopposed 
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2.2. ESTROGEN MOLECULAR ACTIONS 
 
Estrone (E1), the most potent β-estradiol (E2), and estriol (E3), are estrogens present in 
significant quantities in plasma of females (Appendix 1). These hormones exert their primary 
function – cellular proliferation and growth of tissues related to reproduction, by binding to 
intracellular estrogen receptors α and β (ERα and ERβ), as well as to membrane ERs (mER) 
(Acconcia and Marino, 2011; Levin, 2011).  
 
Binding of an estrogen to an intracellular ER causes a conformational change of the receptor, 
leading to the dimerization of the estrogen-ER complexes, which can then alter patterns of 
gene expression by binding to specific nucleotide sequences termed estrogen response 
elements (EREs), found in the promoter region of estrogen-regulated genes (Acconcia and 
Marino, 2011). This action represents a direct genomic action. An interaction of the estrogen-
ER complexes with other protein transcription factors, which alters the transcription of 
regulated genes, represents an indirect genomic action of estrogens (Webb et al., 1999). 
 
Additionally, binding of an estrogen to a mER can induce fast response by alteration of cell-
signaling phosphorylation cascades, and can thus influence mitogen-activated protein kinase  
and phosphatidyl-inositol-3-kinase (PI3K)/Akt signaling pathways (Soltysik and Czekaj, 
2013). Furthermore, estrogen effects can be mediated through an interaction with a G-




2.2.1. Oncogenic role of estrogen 
 
Increased levels of pro-proliferative estrogen have been associated with the development of 
ovarian, endometrial, and breast cancer. The most plausible explanation of the estrogens 
oncogenic role is their excessive mitotic action via the genomic pathway (Nash et al., 1989; 
O'Lone et al., 2004; O'Malley, 2005; Pietras and Marquez-Garban, 2007), as well as non-
genomic actions (Zhang et al., 2009), which can subsequently increase cell invasion (He et 
al., 2009). 
 
Another emerging theory of the estrogen carcinogenicity is the estrogen-associated 
genotoxicity caused by estrogen metabolites capable of forming DNA adducts (Liehr, 2000), 
as well as by the reactive oxygen species (ROS), formed during the estrogen 
biotransformation, taking place mainly in the liver. Interestingly, estrogen oxidative 
metabolism can also take place in cancerous tissue, such as in breast (Jefcoate et al., 2000), 
ovarian (Zahid et al., 2014), endometrial (Hevir-Kene and Rizner, 2015) cancers, implying 
that the locally formed toxic estrogen metabolites, such as estrogen quinones, and ROS, 
might play a vital role in cancer initiation and development (Wen et al., 2017). Additiona lly, 
9 
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epigenetic modifications, such as DNA methylation, and disrupted chromatin architecture at 
the ER-target locus can have a key role in these proliferative diseases (Koike et al., 2015). 
 
 
2.3. ESTROGEN BIOSYNTHESIS 
 
The ovaries synthesize three classes of steroid hormones: progestogens, androgens, and 
estrogens, during the reproductive age. In the post-reproductive age (menopause), these 
hormones are synthesized from the adrenal precursors dehydroepiandrosterone (DHEA) and 
dehydroepiandrosterone sulfate (DHEA-S), as well as de novo from cholesterol mainly at 
extra-gonadal sites, including adrenal gland, liver, brain, bone, vascular endothelium, 
adipose tissue (Simpson, 2003). The postmenopausal ovaries, however, are not completely 
hormonally inactive, and are capable of androgen synthesis (Fogle et al., 2007). 
 
Progestogens (pregnane series 21-carbon steroid) are produced by partial cleavage of the 
cholesterol side chain, androgens (androstane series 19-carbon steroids) by the total removal 
of the side chain, and finally, estrogens (estrane series 18-carbon steroids) by aromatization 
of ring A of the steroid skeleton to a phenolic structure with loss of the 19-methyl group 
(Gupta and Chia, 2013).  
 
The rate limiting-step in steroidogenesis is the transfer of cholesterol from the cytosol to the 
inner membrane of the mitochondria, and is mediated by the steroidogenic acute regulatory 
(StAR) protein. Once transferred into the mitochondria, the cytochrome P450 side-chain 
cleavage enzyme (P450scc, CYP11A1 gene) cleaves the aliphatic tail of cholesterol. The 
final product of this reaction taking place in the thecal cells of the ovarian follicle, as well as 
in the corpus luteum, formed from luteinized granulosa cells following ovulation, is 
pregnenolone (Miller and Auchus, 2011).  
 
10 
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From pregnenolone, steroid hormones are produced by two general pathways: the Δ5 and the 
Δ4 pathway (Gupta and Chia, 2013; Jones and Lopez, 2014). The pregnenolone (Δ5) pathway 
takes place in the thecal cells, and converts pregnenolone to 17α-OH-pregnenolone (Beshay 
and Carr, 2017). The product of the Δ5 pathway, 17α-OH pregnenenolone, is then converted 
to DHEA, and subsequently to androstenedione. Androstenedione diffuses from thecal to 
granulosa cells, and is converted either directly to estrogens (androstenedione → E1 → E2), 
or to testosterone and subsequently to E2. The progesterone (Δ4) pathway involves the corpus 
luteum, and converts pregnenolone to progesterone (Beshay and Carr, 2017). From 
progesterone, androgens and estrogens can be formed (progesterone → 17α-OH-
progesterone → androstenedione → testosterone → E2) (Acconcia and Marino, 2016).  
 
The key four enzymes that regulate the main steps of steroidogenesis are P450scc (CYP11A), 
catalyzing the conversion of cholesterol to pregnenolone; 3β-HSD, or 3β-hydroxysteroid 
dehydrogenase/ Δ5-4 isomerase, which converts pregnenolone to progesterone; P450c17 
(CYP17), which acts both as a 17α-hydroxylase and 17, 20 lyase, thus converts pregnenolone 
to androgens; and P450arom (CYP19), an aromatase that converts androgens to estrogens  
(Gupta and Chia, 2013).  
 
 
2.4. LOCAL ESTROGEN BIOSYNTHESIS IN HORMONE-DEPENDENT 
CANCERS 
 
It has been long known that estrogens, apart from their endocrine, paracrine, and autocrine 
action, also have intracrine action (Labrie, 1991), which is considered vital in hormone-
dependent diseases. The concept of intracrinology involves local intracellular biosynthesis 
and action of hormones in peripheral tissues, followed by local inactivation of these 
hormones with minimal or no alteration of serum levels (Labrie, 2015).  
 
In hormone-dependent cancers, such as ovarian, endometrial and breast cancer, local 
estrogen biosynthesis) can happen from: 
1. Androgen and estrogen precursors originating from peripheral tissues via: 
 Aromatase pathway – from precursors DHEA-S, DHEA, androstenedione and 
testosterone, by the action of the sulfatase (STS), oxidative 3β-HSDs, reductive 17β-
hydroxysteroid dehydrogenases (17βHSD), and aromatase (P450arom) (Rizner et 
al., 2017), and 
 Sulfatase pathway – from the precursor estrone-sulfate (E1-S), by the actions of STS 
and the reductive enzymes 17βHSD (Rizner et al., 2017); 
 
2.  Cholesterol, by de novo synthesis in cancer cells (ovarian carcinoma cells (Wimalasena 
et al., 1991), endometrial cancer cells (Sugawara et al., 2004), breast cancer cells (Pulak 
12 
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R. Manna et al., 2019; Missmer et al., 2004)), and cancer-adjacent cells (ovarian stroma 
cells surrounding epithelial ovarian tumors (Blanco et al., 2017)). 
13 
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Slika 3: Lokalna biosinteza estrogenov in oksidativni metabolizem v hormonsko-odvisni rakasti celici, kot na 
primer v rakasti celici jajčnika, endometrija, dojke. Cirkulirajoči androgeni in estrogeni prekurzorji DHEA, 
androstendion in E1 lahko enostavno z difuzijo vstopijo v celico (modre črtkane puščice), medtem ko sulfatna 
prekurzorja DHEA-S in E1-S potrebujeta transpoterje t.i., organski anionski transportni proteini (OATP) ali 
organski anionski transporterji (OAT) (magenta). Androgeni prekurzorji proizvajajo estrogene preko 
aromatazne poti, a estrogena prekurzorja preko sulfatazne poti. DHEA-S in E1-S lahko iztopita iz celice preko 
ATP odvisnih transporterjev/črpalk t.i., ATP-binding-cassette transporters (ABC transporters) (rumeno). V 
določenih primerih pride tudi do in situ sinteze estrogenov iz kolesterola. Oksidativni P450 encimi lokalno 
metabolizirajo estrogene v katehol-estrogene (4-OH E1/E2; 2-OH E1/E2). Encim katehol-O-metiltransferaza 
(COMT) metilira katehol estrogene v 4-metoksi E1/E2 in/ali 2-metoksi E1/E2, ali jih oksidira v estrogenske 
kinone. Estrogenski kinoni se lahko konjugirajo z glutationom, ali se vežejo na DNA, s čimer povzročajo 
genomske spremembe. Stranski produkti oksidativnega metabolizma so prosti radikali, ki lahko povzročijo 
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2.4.1. Local estrogen biosynthesis in OC 
 
Limited number of studies have reported an increased plasma estrogen levels in OC patients 
(Kitayama and Nakano, 1990; Mählck et al., 1988), and lower estrogen concentration in 
cancerous compared to normal ovarian, and benign ovarian tumor tissue, in OC, control 
group, and patients with benign ovarian tumor, respectively (Lindgren et al., 2002). Local 
estrogen synthesis in some types of ovarian cancer may happen from androgen and estrogen 
precursors via the aromatase (Bulun et al., 2007; P. R. Manna et al., 2016; Slotman et al., 
1989) and sulfatase pathway (Milewich and Porter, 1987; Ren et al., 2015), as well as by de 
novo synthesis from cholesterol in epithelial ovarian cancerous cells (Wimalasena et al., 
1991), and from tumor-adjacent ovarian stromal cells (Blanco et al., 2017). The local 
estrogen formation in ovarian cancerous tissue and especially, the contributions of the 
aromatase and sulfatase pathways, remain elusive today, most probably due to the 
heterogenic nature of the disease.  
 
Studies of enzymatic activities necessary for the local formation of estrogen via the 
aromatase and sulfatase pathway have confirmed the presence of key enzymes of both 
pathways in OC tissues (J. C. Chura et al., 2009; Ren et al., 2015). Interestingly, increased 
sulfatase/sulfotransferase (STS/SULT) ratio has been reported in cancerous compared to 
normal ovarian epithelium (Ren et al., 2015; Secky et al., 2013), and this correlated inversely 
with overall survival (J. C. Chura et al., 2009), indicating that the sulfatase pathway might 
contribute to the local estrogen formation in OC.  
 
 
2.4.2. Local estrogen biosynthesis in EC 
 
Increased estrogen levels in EC (Berstein et al., 2003) can emerge due to synthesis from 
androgen and estrogen precursors via the aromatase and sulfatase pathway (Rizner, 2013), 
and by de novo synthesis from cholesterol (Sugawara et al., 2004). The local formation of 
estrogens, especially, the contributions of the aromatase and sulfatase pathways in EC have 
been uncovered recently. 
 
Studying androstenedione and E1-S metabolism, Sinreih et al. reported that the aromatase 
pathway has a negligible role in estrogen synthesis in EC tissues, where active estrogens 
form mainly via the sulfatase pathway (Sinreih et al., 2017). This conclusion correlates with 
previous studies in EC model cell lines (Fournier and Poirier, 2009; Hevir-Kene and Rizner, 
2015). 
 
Studies of EC expression profiles of P450arom, a key enzyme in the aromatase pathway, are 
inconclusive, as some report absence of the enzyme (Lepine et al., 2010), higher expression 
(Bulun et al., 1994; Watanabe et al., 1995), lower expression (Pathirage et al., 2006), as well 
as, no difference in aromatase expression (Smuc and Rizner, 2009), between cancerous and 
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normal endometrium. Similarly, studies of the expression of the enzymes of the sulfatase 
pathway report increased expression (Abulafia et al., 2009; Cornel et al., 2012), and 
comparable expression in cancerous and control endometrium (Sinreih et al., 2017).  
 
 
2.4.3. Modeling OC and EC with cell lines  
 
Great portion of the current understanding of OC an EC comes from the research conducted 
on established model cell lines, that are developed from a patient sample tissue (Ahuja et al., 
2005; Stewart et al., 2002; G. Yang et al., 2007). The possibility of maintenance of a selected 
cell type in standardized laboratory conditions, as well as the cost-effective high-throughput 
screenings on one hand, and the absence of inter- and intra-tumor heterogeneity and genuine 
micro-environmental conditions in the cell culture, on the other hand, represent the major 
advantages and disadvantages of using model cell lines in cancer research, respectively  
(Hynds et al., 2018). Moreover, a great care of the genuineness of the chosen cell line should 
be taken, meaning that the use of validated cell lines is of uttermost importance.  
 
Regarding OC, many model cell lines are available, and those representing the most frequent 
OC, the HGSOC, are dominantly used. The cell lines Kuramochi (Motoyama, 1981), SNU-
119 (Yuan et al., 1997), OVCAR-4 (Hamilton et al., 1984), each derived from metastasis 
from ascites (i.e. an abnormal buildup of fluid in the abdomen), OVSAHO, derived from 
metastasis from the abdomen (Yanagibashi et al., 1997), and COV-362, derived from 
metastasis from pleural effusion (van den Berg-Bakker et al., 1993), have been identified as 
the top five cell lines that most closely represent HGSOC, in genetics terms (Domcke et al., 
2013). Conversely, some frequently used HGSOC model cell lines, such as IGROV1, 
OC316, EFO27, OVK18, TOV21G, were shown to have genetic events not characteristic for 
HGSOC tumor samples, and are therefore, unsuitable for OC research (Domcke et al., 2013).  
 
Regarding EC, model cell lines of both types of cancer are available, with type I EC model 
cell lines, such as Ishikawa, HEC-1A, HEC-1B, RL95-2, KLE, AN3-CA, being the most 
commonly used (Van Nyen et al., 2018). The well-differentiated EC cell lines Ishikawa 
(Nishida et al., 1985), and HEC-1A, with its sub-strain HEC-1B (Kuramoto, 1972), 
established from a premenopausal and postmenopausal patient, respectively, the moderately 
differentiated RL95-2 (Way et al., 1983) and the poorly differentiated KLE (Richardson et 
al., 1984), EC lines established from postmenopausal patients, and the undifferentiated, 
metastasis-derived AN3-CA EC line (Dawe et al., 1964), have unique short tandem repeat 
(STR) profile, consistent with their originally derived tumors (Van Nyen et al., 2018). Some 
EC cell lines, however, have been shown to be misidentified (e.g. ECC-1), contaminated 
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3. MATERIALS AND METHODS 
 
 
3.1. REAGENTS AND CHEMICALS 
 
The chemicals and solvents used in this research work were of the highest purity available. 
The commercial standards of E1 (1,3,5(10)-Estratien-3-ol-17-one) and E2 (1,3,5-Estratriene-
3,17β-diol) were from Steraloids (Newport, RI, USA), E1-S (1,3,5(10)-Estratien-17-one 3-
sulfate), E2-S (1,3,5(10)-Estratiene-3,17β-diol sulfate), E2-d2 (1,3,5(10)-Estratriene-2,4-d2-
3,17β-diol) standards were from Sigma Aldrich (St. Louis, MO, USA). Methanol, 
acetonitrile, formic acid and ammonium fluoride (NH4F) were from Honeywell International 
Inc. (Charlotte, NC, USA), whereas ethanol and ammonium hydroxide (NH4OH) were from 
Merck KGaA (Darmstadt, Germany).  
 
The phosphate buffered saline (PBS), fetal bovine serum (FBS), human insulin, L-glutamine, 
trypsin-EDTA, Dulbecco’s modified Eagle’s medium/Nutrie nt mixture F12 (DMEM/F12), 
DMEM/F12 without phenol red, and Roswell Park Memorial Institute (RPMI) 1640 
medium, were from Sigma-Aldrich (St. Louis, MO, USA), whereas the RPMI 1640 without 
phenol red medium was from Thermo Fisher Scientific (Waltham, Massachusetts, USA). 





3.2. CELL LINES 
 
For the study of estrogen formation in model cell lines of OC, we used the following cell 
lines: 
 Control cell line  
 HIO80 (CVCL_E274) – originally established from ovarian surface epithelial 
cells (W. L. Yang et al., 2004); 
 HGSOC model cell line 
 OVSAHO (CVCL_3114) - originally established from endometrial serous 
papillary adenocarcinoma, derived from metastases originating from the abdomen 
(Yanagibashi et al., 1997).  
 
For the study of estrogen formation in model cell lines of EC, we used the following cell 
lines: 
 Control cell line  
 HIEEC - originally established from a primary culture of endometrial epithelial 
cells (Chapdelaine et al., 2006);  
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 Grade II (GII), moderately differentiated EC model cell line  
 RL95-2 (CVCL_0505) – originally established from an endometrial 




3.3.  CELL CULTURE AND INCUBATION WITH E1-S 
 
The cell lines HIEEC and OVSAHO were maintained in RPMI 1640 culture media 
supplemented with 2 mM L-glutamine and 10% FBS; HIO-80 in RPMI 1640 culture media 
supplemented with 2 mM L-glutamine, 10% FBS and 6 μg/ml insulin, RL 95-2 in 
DMEM:F12 culture media supplemented with 2.5 mM L-glutamine, 10% FBS and 5 μg/ml 
human insulin. The cell cultures were incubated at 37 °C, in an incubator, in an atmosphere 
of 95% O2 and 5% CO2. 
 
In order to evaluate the profile of estrogen metabolites in the above-mentioned cell lines after 
incubation with E1-S, we tested the following E1-S concentrations: 2.3, 8.5, and 85 nM. The 
sampling was performed at four different time points: after 8, 24, 48, and 72h of incubation 
with E1-S.  
 
First, the cells were plated into 6-well plates, at a density required for reaching 70% 
confluence after 24h of plating. After the 24h of plating, the complete cell culture media was 
removed, the cells were washed with PBS, and a serum-free and phenol red-free media was 
added in order to eliminate potential steroid mimicking effects. Cells were then incubated 
with E1-S prepared in ethanol, at a final ethanol concentration of 0.25%. In the control, cells 
were incubated with ethanol, at a final ethanol concentration of 0.25%. At the determined 
sampling time points, the cell culture media was collected and stored at -80 °C until further 
sample processing. For matrix effect assessment, cells were incubated without E1-S in the 




3.4. SAMPLE PREPARATION – REVERSE PHASE SOLID PHASE EXTRACTION 
(SPE) 
 
Reverse phase SPE was performed using Strata X polymer-based columns (Phenomenex, 
California, USA). Prior to the extraction, the frozen samples were thawed at 35 °C, followed 
by an addition of a deuterated internal standard (IS) E2-d2, at a final concentration of 1 ng/ml. 
The reverse phase SPE protocol consisted of the following steps: column conditioning with 
1 ml methanol, column equilibration with 1 ml water, sample loading, drying for 10 min 
under high vacuum, and finally elution with 1.5 ml methanol. The eluate was then dried 
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using a vacuum concentrator Savant SPD 131 DDA-230 (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA), and finally reconstituted in a 100 μl solvent consisting of 




3.5. LIQUID CHROMATOGRAPHY TANDEM-MASS SPECTROMETRY (LC-
MS/MS) 
 
The LC-MS/MS system used in this work is comprised of a Shimadzu Nexera XR system 
(Shimadzu Corporation, Kyoto, Japan), coupled to a Triple Quadruple System (AB Sciex 
Deutchland GmbH, Darmstadt, Germany), operating with an Analyst 1.6 software (AB Sciex 
Deutchland GmbH, Darmstadt, Germany). 
 
As a stationary phase we used a Kinetex 2.6 μm XB-C18 column (100 x 4.6 mm; 
Phenomenex, Aschaffenburg, Germany), equipped with a Securityguard guard column and 
Securityguard cartridges (C18; 4 x 3.0 mm; Phenomenex, Aschaffenburg, Germany). As 
mobile phases, we used (A) 0.2 mM NH4F in 5% methanol in water, and (B) 0.2 mM NH4F 
in methanol. Samples of 25 μL were injected via a SIL-20 AC XR autosampler (Shimadzu 
Corporation, Kyoto, Japan). The mobile phase flow rate was 500 μL/min, and the gradient 
elution was as follows: initial condition, 0.0-3.0 min, 70% A; 3.0-8.0 min, 4% A;                 
8.01-15.0 min equilibration at 70% A. The column temperature was 38 °C. 
 
The MS/MS analysis was performed in a negative ion mode with constant electrospray 
ionization (ESI) conditions. The compound-dependent parameters were optimized by direct 
infusion of individual standard solutions at a concentration ranging from 100 ng/ml to 
1000 ng/ml. Flow-injection analysis (FIA) was used for the optimization of source- and 
compound- dependent parameters. The source-dependent parameters were as follows: 
curtain gas, 50; collision gas, 8; ion spray voltage, -4500 V; source temperature, 600 °C; ion 
source gas 1, 40; ion source gas 2, 80. All transitions were recorded using the Scheduled 
MRMTM algorithm with the purpose of increasing sensitivity. The target scan time was set 
to 1 s, with an MRM detection window of 120 s. The resolution for first and third quadruple 
(Q1 and Q3) was set as unit, and the pause between mass ranges was set at 5 ms.  
 
The concentration of each steroid was calculated using the internal standard approach and 
standard calibration curves. The standard calibration curves were constructed from twelve 
concentrations, covering the range from 0.01 ng/ml to 100 ng/ml. An IS E2-d2 was added to 
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3.6. CALIBRATORS, INTERNAL STANDARD (IS), AND QUALITY CONTROLS 
(QC) 
 
A stock solution of the E1, E1-S, E2, and E2-S standards at a concentration of 1 mg/ml was 
prepared in methanol. A working solution of the four estrogens combined at a concentration 
of 100 μg/ml was prepared in 70% methanol/0.2 mM NH4F. Twelve-point calibrators 
ranging from 0.01 – 100 ng/ml were prepared from the working solution of the combined 
estrogens by serial dilution in 70% methanol/0.2 mM NH4F. Similarly, a stock solution of 
the IS E2-d2, at a concentration of 1 mg/ml was prepared in methanol. By serial dilutions in 
70% methanol/0.2 mM NH4F, a working IS solution at a concentration of 1 ng/ml was 
prepared. Three levels of QC samples covering low (0.05 ng/ml), medium (1 ng/ml), and 
high (50 ng/ml) levels of linearity range, were independently constructed by spiking a blank 
cell culture media with the combined calibrators. All the stock solutions were stored at 




3.7. MATRIX EFFECT (ME) 
 
Matrix effect (ME; %) was evaluated for three levels of QCs (n=2), low QC (LQC), medium 
QC (MQC), and high QC (HQC), with 0.05, 1, and 50 ng/ml concentration, respectively. 
Standards with the same concentrations as the QCs were prepared in 70% methanol/0.2 mM 
NH4F. The ME was calculated as the ratio between the peak area of each analyte in the QC 
and in the respective standard (Equation 1). Standard deviation and coefficient of variation 
were calculated as well.  
 
          𝑀𝐸 (%) =
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎  𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑄𝐶
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑




3.8. RECOVERY CALCULATIONS 
 
Samples (n=8) without and with the addition of authentic compounds were analyzed with 
LC-MS/MS. The recovery (R) was calculated as the mean of the measured estrogen 
concentration with standard addition (Amean) divided by the mean of the expected metabolite 
concentration (Bmean) (Equation 2). Bmean was calculated as a sum of the mean of the 
measured estrogen concentration without standard addition (Cmean) and the amount of the 
added standard (D) (Equation 3). 
 
          𝑅 =
𝐴 𝑚𝑒𝑎𝑛
𝐵 𝑚𝑒𝑎𝑛
                                                                                                 … (2) 
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3.9. STATISTICAL ANALYSIS 
 
The data are represented as mean ± standard error of the mean (S.E.M.), unless otherwise 
stated. Data analysis was performed using One-Way ANOVA statistical test, with Tukey’s 
Honest Significant Difference test (HSD) post-hoc test, using the SigmaPlot 12 software.  
 
22 
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 






4.1. OPTIMIZATION OF MS/MS CONDITIONS 
 
For the identification of our compounds of interest i.e. E1, E1-S, E2, and E2-S, we used soft 
ionization approach, namely, ESI. We prepared standard solutions of the estrogens in various 
prospective mobile phases, such as acetonitrile/water/formic acid in 50/50/0.1 ratio, 
methanol/water/NH4OH in 50/50/0.05 ratio, 70% methanol/2.5 mM NH4OH, 70% 
methanol/0.2 mM NH4F. The optimization of the MS/MS conditions firstly began with the 
infusion method. 
 
In the infusion method, a sample is injected continuously at low rates into the ion source, 
allowing the identification and selection of the precursor and product ions, as well as an 
initial optimization of compound-dependent parameters, such as precursor and product ions 
selection, declustering potential (DP), collision energy (CE), and collision cell exit potential 
(CXP). Both ESI positive and negative ion modes were tested. With the ESI ion source 
operating in negative mode, we have successfully identified deprotonated precursor ions 
([M-H]-) of the estrogens of our interest, and subsequently their two most abundant product 
ions (Table 1), which correspond to the product ions/transitions described in the literature. 
Initial optimization of the compound-dependent parameters, such as the DP, CE, and CXP 
was performed as well. The highest sensitivity for the analytes of our interest was obtained 
using the mobile phase consisting of 70% methanol/0.2 mM NH4F. 
 
The next step in the automatic MS/MS optimization involved the FIA of the estrogen 
standards prepared in 70% methanol/0.2 mM NH4F. In the FIA method, multiple sample 
injections to the mass spectrometer are carried out by an LC autosampler, and various ion 
source parameters, such as curtain gas (CUR), ion spray voltage (IS), temperature, ion source 
gas 1 (GS1), ion source gas 2 (GS2), collision gas (CAD), as well as compound-dependent 
parameters, such as DP, entrance potential (EP), CE, CXP, are optimized. Table 1 represents 
the optimized compound-dependent parameters for the analytes of our interest. 
 
Table 1: Selected reaction monitoring (SRM) transitions and the optimum LC-MS/MS conditions for E1, E1- S, 
E2, E2-S and E2-d2. 
Preglednica 1: Izbrani prehodi za reaktivno nadzorovanje (SRM) in optimalni LC-MS/MS pogoji za E1, E1-S, 
















E1 (1) 268.933 145.100 7.30 120.00 -10 -40.00 -4.00 
E1 (2) 268.933 142.900 7.30 120.00 -10 -80.00 -12.00 
       continued 
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continuation of table 1: Selected reaction monitoring (SRM) transitions and the optimum LC-MS/MS 
conditions for E1, E1-S, E2, E2-S and E2-d2. 
E1-S (2) 349.025 145.100 6.00 120.00 -10 -70.00 -10.00 
E2 (1) 270.990 145.200 7.30 -80.00 -10 -60.00 -4.00 
E2 (2) 270.990 183.100 7.30 -80.00 -10 -60.00 -12.00 
E2-S (1) 350.901 270.800 6.00 100.00 -10 -40.00 -8.00 
E2-S (2) 350.901 145.000 6.00 -80.00 -10 -80.00 -6.00 
E2-d2 (1) 272.990 147.200 7.30 -80.00 -10 -60.00 -4.00 
E2-d2 (2) 272.990 185.100 7.30 -80.00 -10 -60.00 -12.00 
E1, estrone; E1-S, estrone sulfate; E2, estradiol; E2-S, estradiol sulfate, E2-d2, dideuterio-estradiol 
Q1, first quadruple; Q3 third quadruple; Rt, retention time 




4.2. OPTIMIZATION OF CHROMATOGRAPHIC CONDITIONS 
 
As a stationary phase in the method development, we used a C18 phase (Kinetex 2.6 μm 
XB-C18) which is usually a frequent choice for steroid molecules separation. During the 
optimization of the chromatographic conditions, we used methanol as the organic phase and 
the additive NH4F. In order to increase sensitivity of the method, we tested different NH4F 
concentrations, such as 0.1, 0.2, 0.3, 0.4 mM, and concluded that 0.2 mM NH4F is the optimal 
concentration. Furthermore, we optimized the elution gradient and flow rate, in order to 
improve the chromatographic resolution, and to obtain narrower chromatographic peaks. 
Different column oven temperatures, such as 30, 35, 38, 40, 45 °C, were tested as well, with 
38 °C being the optimal column oven temperature. Figure 4 and 5 show representative 
chromatograms obtained with the described method.  
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Figure 4: Representative extracted ion-chromatogram of a 100 ng/ml estrogen standard mixture: E1-S, E2-S 
(retention time (RT) 6.00 min), E1, E2 (RT 7.30 min); x-axis: RT (min), y-axis: ion intensity (count per second; 
cps). 
Slika 4: Izbran ionski kromatogram od 100 ng/ml mešanice estrogenih standardov: E1-S, E2-S (čas retencije 




Figure 5: Representative extracted ion-chromatogram (5-9 min) of a 100 ng/ml estrogen standard mixture.  
Slika 5: Izbran ionski kromatogram (5-9 min) od 100 ng/ml mešanice estrogenih standardov. 
XIC of -MRM (11 pairs): 272.990/185.100 amu Expected RT: 7.3 ID: estradiol-d2 from Sample 58 (ALL4_100 ngml_1ngmlE2d2018) of DataSET1_15092020.wif f  (Tur... Max. 1.1e4 cps.

































































XIC of -MRM (11 pairs): 272.990/185.100 amu Expected RT: 7.3 ID: estradiol-d2 from Sample 113 (ALL4_100 ngml_1ngmlE2d2018) of DataSET1_15092020.wif f  (Tu... Max. 1.0e4 cps.
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4.3. OPTIMIZATION OF THE SPE CONDITIONS 
 
An SPE protocol usually involves five steps: column conditioning, column equilibration, 
sample loading, washing and elution. The column conditioning is necessary for the activation 
of the bonded phases, thus ensuring a good interaction between the analyte and the sorbent 
functional groups. The equilibration step maximizes retention by the introduction of a 
solution similar in solvent strength and pH as the sample load. After sample loading and 
washing, an elution based on the disruption of the hydrophobic interactions between the 
analyte and sorbent functional groups follows. 
 
In the SPE method development, we tested different conditioning, washing and elution 
solvents. As conditioning and elution solvents, we tested acetonitrile and methanol. As 
washing solvents, different ratios of methanol/water were tested. The method that resulted 
with a good extraction efficiency involved methanol as conditioning and elution solvent, and 
water as equilibration solvent. The extraction efficiency of the analytes of interest was within 
the acceptable limits of 70-120%, and was as follows: E1 107 ± 10%, E1-S 107 ± 9%, E2 






Calibration curves ranging from 0.01 to 100 ng/ml were constructed from the estrogen 
standards prepared in 70% methanol/0.2 mM NH4F, and IS at a final concentration of 
1 ng/ml (Figure 6). The correlation coefficient was > 0.99 for all of the analytes of our 
interest. The quantification of our data was based on unweighted linear regression analysis 
using the internal standard approach.  
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Figure 6: Calibration curves for the E1 analyte prepared in 70% methanol/0.2 mM NH4F. The calibration 
curves have a correlation coefficient r=0.99.  
Slika 6: Kalibracijske krivulje analita E1 pripravljenega v 70% metanol/0.2 mM NH4F. Kalibracijske krivulje 




4.5. CALCULATION OF THE LIMIT OF DETECTION, LIMIT OF 
QUANTIFICATION, AND CARRYOVER ASSESSMENT 
 
The signal in the blank is a good representation of the magnitude of analytical background, 
as well as the carryover. The calculation of the limit of detection (LOD) and quantification 
(LOQ) for the analytes of our interest was based on the standard deviation of 12 blanks, 
composed of 70% methanol/0.2 mM NH4F. The LOD was calculated as 3 x the standard 
deviation of the response in the blanks, and was 0.001 ng/ml for the analytes E1, E1-S, E2, 
and E2-S. The LOQ was calculated as 10 x the standard deviation of the response in the 
blanks, and was 0.05 ng/ml for the analytes E1, E1-S, E2, and E2-S. No carryover was 




4.6. MATRIX EFFECT (ME), PRECISION AND RECOVERY 
 
The matrix effects are an important factor to consider when analyzing extracts of 
complicated matrices, as they can greatly affect the accuracy, precision and sensitivity of the 
LC-MS/MS method. These effects often arise as a result of the presence of co-eluting 
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compounds in the same matrix, which can alternate the ionization efficiency of the target 
analytes. The result might be either a loss of response (ion suppression), or an increase in the 
response (ion enhancement).  
 
In our case, the matrix is a complex cell culture media, which contains a plethora of potential 
interfering molecules; therefore, an assessment of the ME was indispensable. For this 
purpose, we used 0.05 ng/ml LQC, 1 ng/ml MQC, and 50 ng/ml HQC. Comparing the peak 
area of the analyte in the QC to the peak area of the analyte in the respective estrogen 
standard, we calculated the matrix effects for E1, E1-S, E2, and E2-S (Table 2). Standard 
deviation (S.D.) and instrument precision expressed as coefficient of variation (CV) were 
calculated as well (Table 2). The latter was within the acceptable limit (< 20%) for all the 
analytes of interest in all three levels of QCs. The calculated recovery for the analytes of 
interest was within the acceptable limits of 70-120%, and was as follows: E1 107 ± 10%, 
E1-S 108 ± 5%, E2 128 ± 3%, E2-S 114 ± 6%. 
 
Table 2: Matrix effects for the analytes E1, E1-S, E2, and E2-S, at three levels of QC, 0.05 ng/ml LOQ, 1 ng/ml 
MQC, and 50 ng/ml HQC. 
Preglednica 2: Matrični efekt analitov E1, E1-S, E2, in E2-S, na treh nivojih QC, 0.05 ng/ml LOQ, 1 ng/ml 
MQC, in 50 ng/ml HQC. 
 
Analyte Mean matrix 
effect (% ) 
S.D. CV (% ) 
E1 (LQC) 98 0.025 2.5 
E1 (MQC) 69 0.008 1.1 
E1 (HQC) 77 0.019 2.5 
E1-S (LQC) 106 0.012 1.1 
E1-S (MQC) 113 0.024 2.1 
E1-S (HQC) 123 2.571 0.4 
E2 (LQC) 61 0.098 16.1 
E2 (MQC) 61 0.045 7.4 
E2 (HQC) 71 0.019 2.8 
E2-S (LQC) 66 0.023 3.3 
E2-S (MQC) 96 0.036 3.4 
E2-S (HQC) 109 0.011 1.1 
E1, estrone; E1-S, estrone sulfate; E2, estradiol; E2-S, estradiol sulfate, E2-d2, dideuterio-estradiol 
LQC, low quality control; MQC, middle quality control; HQC, high quality control 
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4.7. RESULTS OF E1-S METABOLISM IN OC MODEL CELL LINES 
 
The ability of the ovarian tissue, both normal and cancerous, to metabolize E1-S to active 
estrogen E1, and subsequently to form E2 and E2-S, was tested in HIO-80 and OVSAHO, a 
control and a HGSOC model cell line, respectively.  
 
Briefly, cells were incubated with various concentrations of E1-S, such as 2.3, 8.5 and 
85 nM, for 8, 24, 48 and 72h. In the control, cells were incubated with ethanol (Appendix 2). 
After each incubation time point, the cell culture media was collected, the lipophilic fraction 
containing the estrogens of interest extracted, and the cleaned samples subjected to an LC-
MS/MS analysis.  
 
After data analysis, we concluded that the tested cell lines metabolize E1-S. The E1-S 
metabolism however, happened significantly faster in the cancerous cell line comparing to 
the control cells. Consequently, the levels of the newly synthesized product of the E1-S 
metabolism, E1 increased gradually in both cell lines, yet were significantly higher in 
OVSAHO, as compared to comparing to HIO-80. Subsequently, the levels of the synthesized 
product of E1 reduction, E2 increased with incubation time in both cell lines, and were 
generally higher in OVSAHO, as compared to the control HIO-80. A subsequent sulfation 
of E2 to E2-S was observed to happen in both cell lines at a similar level.  
 
 
4.7.1. Profile of estrogen metabolites formed from 85 nM E1-S in OC model cell 
lines 
 
A difference in the profile of estrogen metabolites formed from 85 nM E1-S was observed 
between the control and the HGSOC cell line (Figure 7). Faster E1-S metabolism and greater 
synthesis of the active estrogens E1 and E2 was observed in the cancerous cell line 
OVSAHO, as compared to the control cell line HIO-80. 
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Figure 7: OC – metabolism of 85 nM E1-S in: (A) HIO-80 - a control cell line, (B) OVSAHO - a HGSOC 
model cell line.  
Slika 7: OC – metabolizem 85 nM E1-S pri: (A) HIO-80 – kontrolni celični liniji, (B) OVSAHO - modelni 
celični liniji agresivnega seroznega karcinoma visokega gradusa.  
 
More specifically, the E1-S levels gradually decreased with time of incubation in both cell 
lines (Figure 7, 8A). The cancerous cell line OVSAHO, however, metabolized E1-S 
significantly faster in comparison to the control HIO-80 (OVSAHO: 1295.00 ± 145.00 ng/ml 
at 8h, 800.50 ± 88.50 ng/ml at 72h; HIO-80: 1296.97 ± 76.88 ng/ml at 8h, 1117.50 ± 
51.88 ng/ml at 72h) (Figure 8A). 
 
Consequently, the levels of the resulting product of the E1-S metabolism, E1 gradually 
increased with time of incubation in both cell lines. The E1 formation however, was 
significantly higher in OVSAHO, as compared to HIO-80 (OVSAHO: 10.16 ± 1.04 at 8h, 
41.10 ± 4.20 ng/ml at 72h; HIO-80: 2.36 ± 0.65 ng/ml at 8h, 15.93 ± 1.64 ng/ml at 72h) 
(Figure 8B). 
 
The subsequent reduction of the newly synthesized E1 to E2, led to increasing E2 levels with 
time of incubation in both cell lines. Interestingly, slightly higher E2 levels were synthesized 
in OVSAHO in comparison to the control (OVSAHO: 0.63 ± 0.11 ng/ml at 8h, 6.88 ± 
1.16 ng/ml at 72h; HIO-80: 0.36 ± 0.07 ng/ml at 8h, 1.47 ± 0.23 ng/ml at 72h) (Figure 8C). 
The changes in the sulfated product of E2, E2-S were minimal in the control, whereas in the 
cancerous cell line E2-S levels gradually declined along the incubation (OVSAHO: 73.90 ± 
8.10 ng/ml at 8h, 54.10 ± 5.90 ng/ml at 72h; HIO-80: 70.37 ± 3.50 ng/ml at 8h, 68.65 ± 
2.01 ng/ml at 72h) (Figure 8D).  
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Figure 8: Comparison of the profile of estrogen metabolites in HIO-80 and OVSAHO after incubation with 
85 nM E1-S; (**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
Slika 8: Primerjava profila estrogenih metabolitov pri HIO-80 in OVSAHO po inkubaciji z 85 nM E1-S;  
(**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
 
 
4.7.2. Profile of estrogen metabolites formed from 8.5 nM E1-S in OC model cell 
lines 
 
A difference in the estrogen metabolism between the control and HGSOC model cell line  
was observed upon incubation with 8.5 nM E1-S (Figure 9). Faster E1-S metabolism and 
greater synthesis of the active estrogens E1 and E2 was observed in the cancerous cell line 
OVSAHO comparing to the control cell line HIO-80. 
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Figure 9: OC – metabolism of 8.5 nM E1-S in: (A) HIO-80, (B) OVSAHO. 
Slika 9: OC – metabolizem 8,5 nM E1-S pri: (A) HIO-80, (B) OVSAHO.  
 
More specifically, the E1-S levels gradually decreased with time of incubation in both cell 
lines (Figure 9, 10A). The cancerous cell line OVSAHO, however, metabolized E1-S 
significantly faster in comparison to the control HIO-80 (OVSAHO: 83.90 ± 1.00 at 8h, 
69.25 ± 3.85 at 72h; HIO-80: 107.52 ± 8.26 at 8h, 104.50 ± 3.15 ng/ml at 72h) (Figure 10A).  
Consequently, the levels of the resulting product of the E1-S transformation, E1 gradually 
increased with time of incubation in both cell lines. The E1 formation however, was 
significantly higher in OVSAHO, as compared to HIO-80 (OVSAHO: 0.70 ± 0.13 ng/ml at 
8h, 2.59 ± 0.19 ng/ml at 72h; HIO-80: 0.27 ± 0.05 ng/ml at 8h, 0.92 ± 0.13 ng/ml at 72h) 
(Figure 10B).  
 
The subsequent reduction of the newly synthesized E1 to E2, led to increasing E2 levels with 
time of incubation in both cell lines. Interestingly, slightly higher E2 levels were synthesized 
in OVSAHO in comparison to the control (OVSAHO: 0.31 ± 0.07 ng/ml at 8h, 0.70 ± 
0.07 ng/ml at 72h; HIO-80: 0.15 ± 0.02 ng/ml at 8h, 0.38 ± 0.18 ng/ml at 72h) (Figure 10C). 
The subsequent sulfation of E2 to E2-S led to increasing E2-S levels with time of incubation 
in a similar manner in both cell lines (OVSAHO: 5.61 ± 0.10 ng/ml at 8h, 7.06 ± 0.31 ng/ml 
at 72h; HIO-80: 5.87 ± 0.52 ng/ml at 8h, 7.13 ± 0.40 ng/ml at 72h) (Figure 10D).  
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Figure 10: Comparison of the profile of estrogen metabolites in HIO-80 and OVSAHO after incubation with 
8.5 nM E1-S; (***p<0.001, **p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
Slika 10: Primerjava profila estrogenih metabolitov pri HIO-80 in OVSAHO po inkubaciji z 8,5 nM E1-S; 
(***p<0.001, **p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
 
 
4.7.3. Profile of estrogen metabolites formed from 2.3 nM E1-S in OC model cell 
lines 
 
A difference in the estrogen metabolism between the control and HGSOC model cell line  
was observed upon incubation with 2.3 nM E1S (Figure 11). 
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Figure 11: OC – metabolism of 2.3 nM E1-S in: (A) HIO-80, (B) OVSAHO.  
Slika 11: OC – metabolizem 2,3 nM E1-S pri: (A) HIO-80, (B) OVSAHO. 
 
More specifically, the E1S levels gradually decreased with time of incubation in both cell 
lines (OVSAHO: 24.55 ± 1.75 at 8h, 20.70 ± 1.20 at 72h; HIO-80: 36.50 ± 0.65 at 8h, 
30.86 ± 0.82 ng/ml) (Figure 11, 12A). Consequently, the levels of the resulting product of 
the E1-S transformation, E1 gradually increased with time of incubation in both cell lines.  
The E1 formation however, was higher in OVSAHO compared to HIO-80 (OVSAHO: 0.22 
± 0.04 ng/ml at 8h, 0.68 ± 0.01 ng/ml at 72h; HIO-80: 0.26 ± 0.06 ng/ml at 8h, 0.41 ± 
0.13 ng/ml at 72h) (Figure 12B).  
 
Next, a reduction of the newly synthesized product E1 takes place, and leads to the formation 
of E2 (Figure 12C). The subsequent sulfation of E2 to E2-S led to increasing E2-S levels 
with time of incubation in a similar manner in both cell lines (OVSAHO: 2.82 ± 0.17 ng/ml 
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Figure 12: Comparison of the profile of estrogen metabolites in HIO-80 and OVSAHO after incubation with 
2.3 nM E1-S; (**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
Slika 12: Primerjava profila estrogenih metabolitov pri HIO-80 in OVSAHO po inkubaciji z 2,3 nM E1-S; 




4.8. RESULTS OF E1-S METABOLISM IN EC MODEL CELL LINES 
 
The ability of the endometrium, both normal and cancerous, to metabolize E1-S to potent 
estrogens, such as E1 and E2, was tested in HIEEC and RL 95-2, a control and a moderately 
differentiated EC model cell line, respectively.  
 
The experimental procedure was the same as in the OC study. Briefly, cells were treated with 
various E1-S concentrations, such as 2.3, 8.5 and 85 nM, and incubated for 8, 24, 48 and 
72h. In the control, cells were incubated with ethanol (Appendix 3). After each incubation 
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point, the cell culture media was collected, the lipophilic fraction containing the estrogens 
of interest extracted, and the cleaned samples subjected to an LC-MS/MS analysis.  
After data analysis, we concluded that both, control and EC model cell line metabolize          
E1-S. The E1-S metabolism however, happened significantly faster in the cancerous cell line 
compared to the control. Consequently, the levels of the newly synthesized product of the 
E1-S transformation, E1, increased gradually in both cell lines, yet were significantly higher 
in RL 95-2, as compared to HIEEC. Subsequently, the levels of the synthesized product of 
E1 reduction, E2 increased with incubation time in both cell lines, and were generally higher 
in RL 95-2, as compared to the control. A subsequent sulfation of E2 to E2-S was observed 
to happen in both cell lines at a similar level. 
 
 
4.8.1. Profile of estrogen metabolites formed from 85 nM E1-S in EC model cell 
lines 
 
A difference in the estrogen metabolism between the control and the moderately 
differentiated EC model cell line was observed upon incubation with 85 nM E1-S (Figure  
13). Faster E1-S metabolism and greater synthesis of the active estrogen E1 was observed in 
the cancerous cell line RL 95-2, as compared to the control cell line HIEEC. 
 
 
Figure 13: EC – metabolism of 85 nM E1-S in: (A) HIEEC - a control cell line, (B) RL 95-2 – a moderately 
differentiated EC model cell line.  
Slika 13: EC – metabolizem 85 nM E1-S pri: (A) HIEEC – kontrolni celični liniji, (B) RL 95-2 – zmerno 
diferencirani EC modelni celični liniji. 
 
More specifically, the E1-S levels gradually decreased with time of incubation in both cell 
lines (Figure 13, 14A). The cancerous cell line RL 95-2, however, metabolized E1-S 
significantly faster in comparison to the control HIEEC (RL 95-2: 696.00 ± 42.00 ng/ml at 
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8h, 384.50 ± 5.50 ng/ml at 72h; HIEEC: 895.75 ± 82.66 ng/ml at 8h, 810.75 ± 75.65 ng/ml 
at 72h) (Figure 14A). 
 
Consequently, the levels of the resulting product of the E1-S transformation, E1 gradually 
increased with time of incubation in both cell lines. The E1 formation however, was 
significantly higher in RL 95-2, as compared to HIEEC (RL 95-2: 11.52 ± 1.79 ng/ml at 8h, 
155.50 ± 1.50 ng/ml at 72h; HIEEC: 7.56 ± 0.47 ng/ml at 8h, 85.48 ± 5.78 ng/ml at 72h) 
(Figure 14B).  
 
The subsequent reduction of the newly synthesized E1 to E2, led to increasing E2 levels with 
time of incubation in both cell lines (RL 95-2: 0.49 ± 0.09 ng/ml at 8h, 7.25 ± 0.07 ng/ml at 
72h; HIEEC: 0.58 ± 0.09 ng/ml at 8h, 8.11 ± 1.31 ng/ml at 72h) (Figure 14C). The changes 
in the sulfated product of E2, E2-S were minimal in the control, whereas in the cancerous 
cell line E2-S levels gradually declined with time of incubation (RL 95-2: 37.70 ± 2.70 ng/ml 
at 8h, 20.25 ± 0.25 ng/ml at 72h; HIEEC: 48.85 ± 4.68 ng/ml at 8h, 46.25 ± 4.29 ng/ml at 
72h) (Figure 14D).  
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Figure 14: Comparison of the profile of estrogen metabolites in HIEEC and RL 95-2 after incubation with 85 
nM E1-S; (**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
Slika 14: Primerjava profila estrogenih metabolitov pri HIEEC in RL 95-2 po inkubaciji z 85 nM E1-S;  
(**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
 
 
4.8.2. Profile of estrogen metabolites formed from 8.5 nM E1-S in EC model cell 
lines 
 
A difference in the estrogen metabolism between the control and the moderately 
differentiated EC model cell line was observed upon incubation with 8.5 nM E1-S (Figure  
15). Faster E1-S metabolism and greater synthesis of the active estrogens E1 and E2 was 
observed in the cancerous cell line RL 95-2 comparing to the control cell line HIEEC. 
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Figure 15: EC – metabolism of 8.5 nM E1-S  in: (A) HIEEC, (B) RL 95-2.  
Slika 15: EC – metabolizem 8,5 nM E1-S pri: (A) HIEEC, (B) RL 95-2. 
 
More specifically, the E1-S levels gradually decreased with time of incubation in both cell 
lines (Figure 15, 16A). The cancerous cell line RL 95-2, however, metabolized E1-S 
significantly faster in comparison to the control HIEEC (RL 95-2: 78.03 ± 3.15 at 8h, 
39.03 ± 7.50 at 72h; HIEEC: 87.85 ± 8.86 at 8h, 62.65 ± 4.99 ng/ml at 72h) (Figure 16A).  
Consequently, the levels of the resulting product of the E1-S metabolism, E1 gradually 
increased with time of incubation in both cell lines. The E1 formation however, was 
significantly higher in RL 95-2, as compared to HIEEC (RL 95-2: 2.53 ± 1.30 ng/ml at 8h, 
11.05 ± 0.66 ng/ml at 72h; HIEEC: 0.82 ± 0.09 ng/ml at 8h, 5.73 ± 0.72 ng/ml at 72h) (Figure  
16B).  
 
The subsequent reduction of the newly synthesized E1 to E2, led to increasing E2 levels with 
time of incubation in both cell lines. Interestingly, higher E2 levels were synthesized in 
RL 95-2 in comparison to the control (RL 95-2: 0.24 ± 0.04 ng/ml at 8h, 0.99 ± 0.10 ng/ml 
at 72h; HIEEC: 0.20 ± 0.10 ng/ml at 8h, 0.63 ± 0.11 ng/ml at 72h) (Figure 16C). The changes 
in the sulfated product of E2, E2-S were minimal in both cell lines (RL 95-2: 2.55 ± 
0.86 ng/ml at 8h, 2.62 ± 0.20 ng/ml at 72h; HIEEC: 5.19 ± 0.47 ng/ml at 8h, 3.84 ± 
0.25 ng/ml at 72h) (Figure 16D).  
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Figure 16: Comparison of the profile of estrogen metabolites in HIEEC and RL 95-2 after incubation with 8.5 
nM E1-S; (**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
Slika 16: Primerjava profila estrogenih metabolitov pri HIEEC in RL 95-2 po inkubaciji z 8,5 nM E1-S;  
(**p<0.01, *p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
 
 
4.8.3. Profile of estrogen metabolites formed from 2.3 nM E1-S in EC model cell 
lines 
 
A difference in the estrogen metabolism between the control and the moderately 
differentiated EC model cell line was observed upon incubation with 2.3 nM E1-S (Figure 
17). 
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Figure 17: EC – metabolism of 2.3 nM E1-S  in: (A) HIEEC, (B) RL 95-2.  
Slika 17: EC – metabolizem 2.3 nM E1-S pri: (A) HIEEC, (B) RL 95-2. 
 
More specifically, the E1-S levels gradually decreased with time of incubation in both cell 
lines (RL 95-2: 26.80 ± 2.21 at 8h, 12.50 ± 2.01 ng/ml at 72h; HIEEC: 22.63 ± 1.48 at 8h, 
15.73 ± 1.52 at 72h) (Figure 17; 18A). Consequently, the levels of the resulting product of 
the E1-S transformation, E1 gradually increased with time of incubation in both cell lines. 
The E1 formation however, was significantly higher in RL 95-2, as compared to HIEEC 
(RL 95-2: 0.87 ± 0.26 ng/ml at 8h, 2.96 ± 0.33 ng/ml at 72h; HIEEC: 0.39 ± 0.11 ng/ml at 
8h, 1.46 ± 0.11 ng/ml at 72h) (Figure 18B).  
 
The subsequent reduction of the newly synthesized E1 to E2, led to increasing E2 levels with 
time of incubation in both cell lines. Interestingly, higher E2 levels were synthesized in 
RL 95-2 in comparison to the control (RL 95-2: 0.87 ± 0.26 ng/ml at 8h, 2.9 ± 0.3 ng/ml at 
72h; HIEEC: 0.40 ± 0.11 ng/ml at 8h, 1.46 ± 0.11 ng/ml at 72h) (Figure 18C). The changes 
in the sulfated product of E2, E2-S were minimal in both cell lines (RL 95-2: 1.01 ± 
0.20 ng/ml at 8h, 0.86 ± 0.05 ng/ml at 72h; HIEEC: 0.89 ± 0.11 ng/ml at 8h, 0.77 ± 
0.06 ng/ml at 72h) (Figure 18D). 
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Figure 18: Comparison of the profile of estrogen metabolites in HIEEC and RL 95-2 after incubation with 
2.3 nM E1-S; (*p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
Slika 18: Primerjava profila estrogenih metabolitov pri HIEEC in RL 95-2 po inkubaciji z 2,3 nM E1-S;  
(*p<0.05, One-Way ANOVA, Tukey HSD post-hoc test). 
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5. DISCUSSION  
 
For the study of the estrogen metabolism in OC and EC model cell lines, we used the LC-
MS/MS analytical technique, characterized with excellent selectivity, specificity, and 
sensitivity. This technique is nowadays the preferred option for studying steroid molecules. 
The development of LC columns with smaller-size particles enabling excellent 
chromatographic separation, the introduction of the triple quadruple MS instruments, 
enabling double mass filtering, are some technological advances that have contributed to the 
superiority of LC-MS/MS over other analytical approaches, such as gas chromatography-
MS (GC-MS), or immunoassays, such as enzyme-linked immunosorbent assays (ELISAs) 
and radioimmunoassays.  
 
For our purposes, we have developed an LC-MS/MS method with an LOD and LOQ of 
0.001 ng/ml, and 0.05 ng/ml, accordingly, for E1, E1-S, E2, and E2-S. The extraction 
efficiency and recovery were reproducible and within the acceptable limits for all of the 
analytes of our interest. Regarding matrix effects, slight and higher ion suppression was 
observed for E1 and E2, respectively. Slight ion enhancement was observed for E1-S. Ion 
suppression and slight ion enhancement were observed for E2-S at the lower and higher end 
of the QC, accordingly. 
 
The present work demonstrates that the sulfatase pathway contributes to the formation of 
active estrogens, both in control and model cell lines of OC and EC. The levels of the newly 
synthesized active estrogens, E1 and E2 however, were generally higher in the OC and EC 
model cell line, compared to their respective control line. This difference in the estrogen 
metabolism between control and cancerous cell lines was observed even after incubation 
with the lowest E1-S concentration tested, 2.3 nM, which is closest to the physiologica l        
E1-S serum concentration in post-menopausal women, 0.63 ± 0.03 nM (Rizner et al., 2017). 
 
Our data indicate that the enzyme sulfatase (STS), involved in the E1-S transformation to 
E1, is both present and active in normal ovarian surface epithelial cells (HIO-80), normal 
endometrial epithelial cells (HIEEC), in HGSOC model cells (OVSAHO), and in moderately 
differentiated EC model cells (RL 95-2). Interestingly, the faster E1-S transformation and 
consequently the greater E1 formation in OVSAHO and RL 95-2 suggest a greater 
contribution of the sulfatase pathway to the active estrogen formation in the OC and EC 
model cell lines, as compared to their respective control cell line. This observation might be 
explained as a result of a higher STS enzyme expression, and/or higher STS activity in 
cancerous, as compared to normal ovarian and endometrial tissue.  
 
Indeed, available data confirm a comparable STS mRNA expression in OC model cell lines 
[Pavlič et al., unpublished data], as well as in epithelial OC and ovarian surface epithelial 
tissue (Ren et al., 2015), but higher STS activity in cancerous than in normal ovarian 
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epithelium (Justin C. Chura et al., 2009; Ren et al., 2015). Our data correlate to the STS 
functional studies, but not with the STS expression studies.  
 
Regarding EC, significantly higher STS mRNA levels are present in the moderately 
differentiated cell line RL 95-2 (Pavlič et al., unpublished data), as compared to the control 
cell line HIEEC (Hevir-Kene and Rizner, 2015), whereas comparable (Šmuc and Rižner, 
2009), and higher (Lépine et al., 2010) STS mRNA expression in cancerous, as compared to 
adjacent endometrial tissue, and, several folds higher STS activity in malignant endometrial 
tissue, as compared to normal endometrium (Urabe et al., 1989; Yamamoto et al., 1993) have 
been reported. Our data correlate to the STS expression and functional studies.  
 
In addition, our data show that a reduction of the newly synthesized product E1 to E2 is 
taking place both in the control and model cell lines of OC and EC. Nonetheless, the levels 
of the newly synthesized product E2 were generally higher in the OC and EC model cell 
lines, as compared to their control cell line. Available data confirms the expression of the 
reductive HSD17B1, HSD17B7, HSD17B12 enzymes that catalyze the conversion of E1 to 
E2, in control, OC (Ren et al., 2015), and EC (Hevir et al., 2011) model cell lines. Moreover, 
the expression of these reductive HSD17B enzymes is comparable between the control line 
HIO-80 and the HGSOC cell line OVSAHO (Pavlič et al., unpublished data). Regarding EC, 
significantly higher HSD17B17 mRNA levels are present in the moderately differentiated 
cell line RL 95-2 (Pavlič et al., unpublished data), as compared to the control HIEEC (Hevir-
Kene and Rizner, 2015). Our data is in correlation with the HSD17B expression studies in 
the case of EC, but not in the case of OC. 
 
The mRNA expression of the oxidative HSDB17B2 enzyme that catalyzes the E2 oxidation 
to E1 is comparable between the control line HIO-80 and the HGSOC model cell line  
OVSAHO (Pavlič et al., unpublished data), and lower in primary OC cultures, as compared 
to primary culture of normal ovarian surface epithelium (Ren et al., 2015). Regarding EC, 
significantly higher HSD17B2 mRNA levels are present in the moderately differentiated cell 
line RL 95-2 (Pavlič et al., unpublished data), as compared to the control cell line HIEEC 
(Hevir-Kene and Rizner, 2015). The HSD17B2 expression studies in OC and EC do not 
explain our data regarding E2 levels. 
 
When trying to explain the significant differences in the estrogen metabolism between the 
model cell lines of OC and EC and their control lines, it is useful to concider the fact that 
OC and EC are regarded estrogen-dependent pathologies. The greater synthesis of active 
estrogens E1 and E2 in the HGSOC model cell line, as well as in the moderately 
differentiated EC model cell line, compared to the respective control line, strongly suggest 
an active and important estrogen role in OC and EC cancer initiation and progression. We 
suggest that estrogens exert their oncogenic role acting as hormones , and as genotoxic 
agents , following oxidative transformation. 
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The estrogen hormonal action is a straightforward process, involving estrogen binding to 
ER, dimerization of the ER-estrogen complex, ultimately resulting in altered gene 
expression. Available data indicate that both OC and EC tissue express ERs, in other words 
are responsive to circulating and/or locally formed estrogens. The greater the estrogen 
concentration available to the responsive tissue, the greater will be the hormonal stimulation, 
potentially resulting with mutations in key regulatory genes of the cell cycle, and eventually 
leading to cancer initiation and progression. 
 
Indeed, E1 and E2 levels were higher in the OC and EC cell lines, than in the respective 
control line under the same experimental conditions, therefore it is plausible to suggest that 
estrogens actively promote cancer progression in ovarian and endometrial tissue. 
Furthermore, the several-fold greater amounts of E1 synthesized in OC and EC model cell 
lines, compared to the respective control cell line, might compensate for the weaker affinity 
of E1 for the ERα receptor, as compared to E2 (Kd 0.3 and 0.1 nM, accordingly (Rizner et 
al., 2017)), thereby making E1 the main contributor to the onset and progression of the 
estrogen-dependent cancers. 
 
An interesting point of view on the estrogen oncogenic activities is their local oxidative 
transformation resulting in metabolites that can potentially act as genotoxic agents. In the 
process of their biotransformation, active estrogens are oxidized by P450 enzymes (CYP), 
to 2-OH-E1/E2 by CYP1A1 or CYP1A2, 4-OH-E1/E2 by CYP1B1, or to 16-OH-E1/E2 by 
CYP3A5/7) (Rizner, 2013). These metabolites might be conjugated and excreted with urine, 
or further oxidized to estrogen ortho-quinones (E1/E2-2,3-Q and E1/E2-3,4-Q). The later 
can either be neutralized by conjugation with glutathione, or form unstable N3-adenine and 
N7-guanine DNA adducts, induce mutations by creating apurinic sites in the DNA molecule, 
altogether leading to malignant transformation. The inability of the conjugating mechanisms 
to inactivate excessive amounts of these metabolites, or a shift towards oxidation instead of 
conjugation, might be the cause for cancer initiation and progression. The mutagenicity of 
estrogen metabolites and their ability to induce transformation of mouse and human breast 
epithelial cells (Cavalieri and Rogan, 2011), as well as their utero-tropic ER-independent 
activity (Zhu and Conney, 1998), have already been described. 
 
Regarding OC, it seems that estrogen oxidation rather than conjugation is the preferred local 
metabolic pathway. The mRNA expression of the enzyme CYP1B1, a tumor-related form of 
cytochrome P450 that catalyzes the formation of 4-OH-E1/E2, is comparable between the 
control cell line HIO-80 and the HGSOC cell line OVSAHO [Pavlič et al., unpublished data]. 
Intriguingly, in normal ovarian tissue and primary/metastatic OC, an absence and over-
expression of CYP1B1, respectively, have been reported (McFadyen et al., 2001). Moreover, 
an increased ratio of depurinating estrogen-DNA adducts to estrogen metabolites and 
conjugates in the urine of OC patients, compared to control group has been described (Zahid 
et al., 2014).  
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Likewise, the local estrogen metabolism seems to differ between normal and cancerous 
endometrium. Significantly greater mRNA expression of key enzymes in the estrogen 
metabolism, such as COMT, and inducible genes involved in estrogen quinone 
detoxification (GSTP1, NQO1) is taking place in the moderately differentiated EC cell line 
RL 95-2 [Pavlič et al., unpublished data], as compared to the control cell line HIEEC (Hevir-
Kene and Rizner, 2015). In addition, an increased mRNA expression of COMT, and 
UGT2B7/17 in cancerous compared to normal endometrial tissue have been reported (Lépine 
et al., 2010), altogether implying that the cancerous endometrial tissue is exposed to greater 
levels of the genotoxic estrogen metabolites, and consequently to oxidative stress.  
 
Taken altogether, the sulfatase pathway is a significant contributor to the formation of 
biologically active estrogens in the estrogen-dependent cancers, OC and EC. This is of 
particular importance since circulating concentrations of E1-S in post-menopausal women 
are much higher than those of unconjugated estrogens (Noel et al., 1981). Furthermore, 
estrogen sulfates bind to albumin and have a prolonged half-life in blood (approximately 9h) 
compared with the much shorter half-live of E1 and E2 (Ruder et al., 1972). The higher 
circulating concentrations of E1-S and its prolonged half-life make E1-S an important 
reservoir for the formation of biologically active estrogens via the STS action (Reed et al., 
2005). The STS enzyme is therefore considered a promising therapeutic target for the 
treatment of estrogen-dependent pathologies. 
 
Various STS inhibitors such as steroid sulfamate, steroid non-sulfamate, non-steroidal 
sulfamate, and non-steroidal non-sulfamate-based inhibitors have already been developed 
and tested (Morozkina and Shavva, 2019). A promising approach in the development of an 
effective treatment for OC and EC is the inhibition of both STS and aromatase enzyme, as 
well as the inhibition of both STS and HSD17B1 enzymes. The development and testing of 
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In this master thesis, we have shown the following: 
 
1. The estrogens of our interest, E1, E1-S, E2, and E2-S can be successfully identified and 
quantified using LC-MS/MS. With this, we have confirmed our first hypothesis. 
 
2. In model cell lines of OC and EC, active estrogens are being formed from E1-S. With 
















Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 





The hormone-dependent diseases that are in the focus of this master thesis, namely OC and 
EC, constitute a great portion of the female malignancies worldwide. A considerable increase 
in the incidence and mortality rate and with that an increase of the economic and humanistic 
burden, is predicted for the next two decades. Understanding the molecular mechanisms and 
basic principles of OC and EC, is of great importance in tackling these pathologies. 
 
In the introduction, a general overview of the hormone-dependent OC and EC, including 
distinct cancer types and subtypes, their frequencies and molecular signatures, is presented, 
followed by an explanation of estrogen’s oncogenic effects. In continuation, the estrogen 
biosynthetic pathways, as well as the local estrogen synthesis and metabolism are elaborated.  
Finally, the best model cell lines of OC and EC, as well as the importance of using validated 
cell lines in cancer research in general, are discussed. 
 
Our study aimed to elucidate the local estrogen formation from the estrogen precursor E1-S. 
For this purpose, we developed a robust liquid chromatography-tandem mass spectrometry 
method with a picomolar sensitivity for the following estrogens: E1, E1-S, E2, and E2-S. 
We used HIO-80 and HIEEC as control cell lines of OC and EC, respectively, OVSAHO as 
a model cell line of a HGSOC, and RL 95-2 as a model cell line of a moderately differentiated 
EC. After incubation with different E1-S concentrations, for 8, 24, 48, and 72h, we assessed 
the profile of estrogen metabolites, by means of LC-MS/MS, following an SPE of the 
lipophilic fraction containing the analytes of our interest. 
 
Our data indicate that the profile of estrogen metabolites formed upon incubation with E1-S 
differs between the control line HIO-80 and the HGSOC model cell line OVSAHO, and 
between the control line HIEEC and the moderately differentiated EC model cell line            
RL 95-2. More specifically, OVSAHO and RL 95-2 synthesized significantly greater E1 
levels, and higher E2 levels, as compared to the respective control line. The changes in the 
E2-S were similar in both control and model cell lines of OC and EC. 
 
In conclusion, LC-MS/MS is an excellent analytical tool for studies of estrogen molecules. 
Our data indicate a greater contribution of the sulfatase pathway to the active estrogen 
formation in the HGSOC cell line OVSAHO, and in the moderately differentiated EC cell 
line RL 95-2, than in the respective control cell line. We suggest that the locally formed E1 
and E2 might actively promote OC and EC initiation and progression, acting as pro-
proliferative hormones, and/or genotoxic agents, following oxidative transformation. 
Altogether, our data contribute to the better understanding of the molecular mechanisms in 
OC and EC, and may be useful in the development of therapeutic agents. 
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8. RAZŠIRJEN POVZETEK 
 
Hormonsko odvisni bolezni rak jajčnikov (OC) in rak endometrija (EC), ki smo ju proučevali 
v okviru tega magistrskega dela, v svetovnem merilu predstavljata velik delež rakavih 
bolezni pri ženskah. Še znatno večjo pojavnost in smrtnost bolezni, in s tem večje 
gospodarsko in družbeno breme, so napovedali za naslednji dve desetletji. Razumevanje 
molekularnih mehanizmov razvoja OC in EC ima velik pomen pri spopadanju z obema 
patologijama. 
 
V uvodu magistrske naloge smo podali splošen pregled OC in EC, ki vključuje različne 
histološke oblike raka, njihovo pojavnost in molekularno osnovo. V primeru OC razlikujemo 
štiri oblike, pri čemer epitelijski OC predstavlja kar 90% primerov. Epitelijski OC delimo na 
dva tipa, tip I z ugodnim kliničnim izidom in z relativno genomsko/kromosomsko 
stabilnostjo, in tip II s slabšim kliničnim izidom in z genomsko/kromosomsko nestabilnostjo. 
Agresivni serozni karcinom visokega gradusa (angl. high-grade serous ovarian 
cancer/HGSOC) predstavlja 70% OC tipa II. V primeru EC razlikujemo dve obliki, EC tipa I, 
ki je odvisen od estrogenov, z ugodnim kliničnim izidom, in EC tipa II, ki je neodvisen od 
estrogenov, s slabšim kliničnim izidom. EC tipa I predstavlja 90% vseh EC primerov. Zanj 
je značilna nestabilnost mikrosatelitov in mutacije v genih, ki uravnavajo celični cikel.  
 
V nadaljevanju naloge razpravljamo o dveh hipotezah onkogenih učinkov estrogenov. Prva 
hipoteza obravnava estrogene kot pro-proliferativne hormone, druga kot genotoksične 
spojine. Nadalje obravnavamo biosintezno pot estrogenov in intrakrino delovanje  
estrogenov, ki je ključno pri iniciaciji in napredovanju raka. Intrakrino delovanje estrogenov 
vključuje lokalno sintezo iz androgenih in estrogenih prekurzorjev po aromatazni in 
sulfatazni poti. Pri delovanju estrogenov je pomemben tudi lokalni metabolizem estrogenov. 
Na koncu razpravljamo o najbolj ustreznih modelnih celičnih linijah OC in EC, kot tudi o 
pomembnosti uporabe validiranih celičnih linij v raziskavah raka na splošno. 
 
Naša študija poskuša pojasniti lokalni nastanek estrogenov iz prekurzorja E1-S. V ta namen 
smo razvili robustno LC-MS/MS metodo s pikomolarno občutljivostjo za sledeče estrogene: 
E1, E1-S, E2, in E2-S. Kromatografsko ločitev omenjenih estrogenov smo izvedli z uporabo 
C18 stacionarne faze in metanola kot mobilne faze. Občutljivost metode smo znatno povečali 
z dodajanjem 0.2 nM NH4F. MS/MS analizo smo izvedli v negativnem ionskem načinu, pri 
konstantni ionizaciji elektrospreja (ESI). Ionski produkti oziroma ionski prehodi analitov 
uztrezajo tistim, ki jih opisuje literatura. Zaradi povečevanja občutljivosti smo vse prehode 
posneli z uporabo algoritma Scheduled MRMTM. Koncentracijo vsakega estrogena smo 
izračunali s pristopom internega standarda in standardnimi kalibracijskimi krivuljami. 
 
Za študij metabolizma estrogenov ob inkubaciji z E1-S, smo uporabili HIO-80 in HIEEC kot 
kontrolni celični liniji za OC in EC, OVSAHO kot modelno celično linijo HGSOC, in   
RL 95-2 kot modelno celično linijo zmerno diferenciranega EC. Po inkubaciji z 2,3; 8,5; in 
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85 nM E1-S v trajanju 8, 24, 48, in 72 ur, smo nastajanje estrogenih metabolitov izmerili z 
uporabo LC-MS/MS, po predhodni ekstrakciji lipofilne frakcije, ki vsebuje za nas zanimive 
analite.  
 
Naši podatki nakazujejo, da se nabor nastalih metabolitov estrogenov ob inkubaciji z E1-S 
razlikuje med kontrolno celično linijo HIO-80 in HGSOC modelno celično linijo OVSAHO, 
kot tudi med kontrolno celično linijo HIEEC in zmerno diferencirano EC modelno celično 
linijo RL 95-2. Bolj natančno, modelni celični liniji OVSAHO in RL 95-2 metabolizirata 
E1-S znatno hitreje kot ustrezni kontrolni celični liniji pri inkubaciji z 8,5 in 85 nM E1-S.  
 
Posledično se je po inkubaciji z 2,3, 8,5, in 85 nM E1-S v teh dveh celičnih linijah v 
primerjavi z ustreznima kontrolnima linijama koncentracija E1 znatno povišala. Količina E2, 
ki je produkt redukcije E1, je bila na splošno višja v modelnih celičnih linijah OC in EC, v 
primerjavi z ustrezno kontrolno linijo, pri inkubaciji z 2,3, 8,5, in 85 nM E1-S. Koncentracija 
E2-S je bila podobna v kontrolni in OC in EC modelnih celičnih linijah, razen pri inkubaciji 
z 85 nM E1-S, kjer smo zaznali veliko znižanje koncentracije E2-S v HGSOC celični liniji 
OVSAHO in v zmerno diferencirani EC celični liniji RL 95-2. 
 
Sklepamo, da je LC-MS/MS odlično analitično orodje za preučevanje estrogenov. Metoda 
LC-MS/MS, ki smo jo razvili ima odlično pikomolarno občutljivost, ponovljivost in 
natančnost. Naši podatki kažejo na večji prispevek sulfatazne poti pri nastanku aktivnih 
estrogenov v HGSOC celični liniji OVSAHO, in v zmerno diferencirani celični liniji         
RL 95-2 v primerjavi s kontrolnima celičnima linijama. Domnevamo, da lokalno nastala E1 
in E2 aktivno spodbujata začetek in napredovanje OC in EC. Predvidevamo, da imata E1 in 
E2 vlogo pro-proliferativnih hormonov in/ali genotoksičnih spojin, ki nastajajo pri 
oksidativnem metabolizmu.  
 
Dostopni podatki potrjujejo izražanje jedrnih receptorjev za estrogene v rakavem tkivu 
jajčnika in endometrija, kar nakazuje da sta OC in EC odzivna na stimulacijo z estrogeni. Še 
več, povišano razmerje aduktov estrogen-DNA v primerjavi s estrogenim konjugatom pri 
OC bolnicah, in prekomerno izražanje genov, ki kodirajo encime, vpletene v oksidativn i 
metabolizem estrogenov pri EC modelnih celičnih linijah, nakazujeta, da so v rakavem tkivu 
jajčnika in endometrija prisotne višje ravni genotoksičnih estrogenih metabolitov. Naši 
podatki torej prispevajo k boljšemu razumevanju molekularnih mehanizmov razvoja OC in 
EC, in so lahko uporabni pri razvoju zdravil.  
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Lépine J., Audet-Walsh E., Grégoire J., Têtu B., Plante M., Ménard V., Ayotte P., Brisson 
J., Caron P., Villeneuve L., Bélanger A., Guillemette C. 2010. Circulating Estrogens in 
Endometrial Cancer Cases and Their Relationship with Tissular Expression of Key 
Estrogen Biosynthesis and Metabolic Pathways. The Journal of Clinical Endocrinology 
& Metabolism, 95, 6: 2689-2698 
Levin E. R. 2011. Minireview: Extranuclear Steroid Receptors: Roles in Modulation of Cell 
Functions. Molecular Endocrinology, 25, 3: 377-384 
Liehr J. G. 2000. Role of DNA adducts in hormonal carcinogenesis. Regulatory Toxicology 
and Pharmacology, 32, 3: 276-282 
Lindgren P. R., Bäckström T., Cajander S., Damber M. G., Mählck C. G., Zhu D., Olofsson 
J. I. 2002. The pattern of estradiol and progesterone differs in serum and tissue of benign 
and malignant ovarian tumors. International Journal of Oncology, 21, 3: 583-589 
Longcope C. 1984. Estriol production and metabolism in normal women. Journal of Steroid 
Biochemistry, 20, 4, Part 2: 959-962 
Mäenpää J. 2020. Epidemiology, Risk Factors, and Prevention for Endometrial Cancer. In: 
Management of endometrial cancer. Mansoor R. M. (ed.). Cham, Springer: 61-67 
Mählck C. G., Bäckström T., Kjellgren O. 1988. Plasma level of estradiol in patients with 
ovarian malignant tumors. Gynecologic Oncology, 30, 3: 313-320 
Manna P. R., Ahmed A. U., Yang S., Narasimhan M., Cohen-Tannoudji J., Slominski A. T., 
Pruitt K. 2019. Genomic Profiling of the Steroidogenic Acute Regulatory Protein in 
Breast Cancer: In Silico Assessments and a Mechanistic Perspective. Cancers , 11, 5: 
623-639 
Manna P. R., Molehin D., Ahmed A. U. 2016. Dysregulation of Aromatase in Breast, 
Endometrial, and Ovarian Cancers: An Overview of Therapeutic Strategies. Progress in 
Molecular Biology and Translational Science, 144: 487-537 
McFadyen M. C., Cruickshank M. E., Miller I. D., McLeod H. L., Melvin W. T., Haites N. 
E., Parkin D., Murray G. I. 2001. Cytochrome P450 CYP1B1 over-expression in 
primary and metastatic ovarian cancer. British Journal of Cancer, 85, 2: 242-246 
Milewich L., Porter J. C. 1987. In situ steroid sulfatase activity in human epithelial 
carcinoma cells of vaginal, ovarian, and endometrial origin. Journal of Clinical 
Endocrinology and Metabolism, 65, 1: 164-169 
Miller W. L., Auchus R. J. 2011. The molecular biology, biochemistry, and physiology of 
human steroidogenesis and its disorders. Endocrine Reviews, 32, 1: 81-151 
Missmer S. A., Eliassen A. H., Barbieri R. L., Hankinson S. E. 2004. Endogenous estrogen, 
androgen, and progesterone concentrations and breast cancer risk among 
postmenopausal women. Journal of the National Cancer Institute, 96, 24: 1856-1865 
57 
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 
   M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Molecular and Functional Biology , 2021 
 
 
Morozkina S., Shavva A. 2019. Estrone Sulfatase Inhibitors as New Anticancer Agents. In: 
Chemistry and Biological Activity of Steroids. Ribeiro S. J. A., Silva C. M. M. (eds.). 
London, IntechOpen Limited: 1-26 
Motoyama T. 1981. Biological characterization including sensitivity to mitomycin C of 
cultured human ovarian cancers (author's transl). Nihon Sanka Fujinka Gakkai Zasshi,  
33, 8: 1197-1204 
Mungenast F., Thalhammer T. 2014. Estrogen biosynthesis and action in ovarian cancer. 
Frontiers in Endocrinology, 12, 5: 192-192 
Naik P. S., Deshmukh S., Khandeparkar S. G., Joshi A., Babanagare S., Potdar J., Risbud N. 
S. 2015. Epithelial ovarian tumors: Clinicopathological correlation and 
immunohistochemical study. J Midlife Health, 6, 4: 178-183 
Nash J. D., Ozols R. F., Smyth J. F., Hamilton T. C. 1989. Estrogen and anti-estrogen effects 
on the growth of human epithelial ovarian cancer in vitro. Obstetrics and Gynecology ,  
73, 6: 1009-1016 
Nishida M., Kasahara K., Kaneko M., Iwasaki H., Hayashi K. 1985. Establishment of a new 
human endometrial adenocarcinoma cell line, Ishikawa cells, containing estrogen and 
progesterone receptors. Nihon Sanka Fujinka Gakkai Zasshi, 37, 7: 1103-1111 
Noel C. T., Reed M. J., Jacobs H. S., James V. H. T. 1981. The plasma concentration of 
oestrone sulphate in postmenopausal women: Lack of diurnal variation, effect of 
ovariectomy, age and weight. Journal of Steroid Biochemistry, 14, 11: 1101-1105 
O'Lone R., Frith M. C., Karlsson E. K., Hansen U. 2004. Genomic targets of nuclear estrogen 
receptors. Molecular Endocrinology, 18, 8: 1859-1875 
O'Malley B. W. 2005. A life-long search for the molecular pathways of steroid hormone 
action. Molecular Endocrinology, 19, 6: 1402-1411 
Pasqualini J. R., Kincl F. A. 1985. Hormone production and concentration durring pregnancy 
in human and in other mammalian species. In: Hormones and the fetus: Production, 
Concentration and Metabolism During Pregnancy. Vol. I. Oxford, Pergamon Press 173-
335 
Pathirage N., Di Nezza L. A., Salmonsen L. A., Jobling T., Simpson E. R., Clyne C. D. 2006. 
Expression of aromatase, estrogen receptors, and their coactivators in patients with 
endometrial cancer. Fertility and Sterility, 86, 2: 469-472 
Pietras R. J., Marquez-Garban D. C. 2007. Membrane-associated estrogen receptor signaling 
pathways in human cancers. Clinical Cancer Research, 13, 16: 4672-4676 
Reed M. J., Purohit A., Woo L. W. L., Newman S. P., Potter B. V. L. 2005. Steroid Sulfatase: 
Molecular Biology, Regulation, and Inhibition. Endocrine Reviews, 26, 2: 171-202 
58 
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 
   M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Molecular and Functional Biology , 2021 
 
 
Ren X., Wu X., Hillier S. G., Fegan K. S., Critchley H. O., Mason J. I., Sarvi S., Harlow C. 
R. 2015. Local estrogen metabolism in epithelial ovarian cancer suggests novel targets 
for therapy. Journal of Steroid Biochemistry and Molecular Biology, 150: 54-63 
Richardson G. S., Dickersin G. R., Atkins L., MacLaughlin D. T., Raam S., Merk L. P., 
Bradley F. M. 1984. KLE: a cell line with defective estrogen receptor derived from 
undifferentiated endometrial cancer. Gynecologic Oncology, 17, 2: 213-230 
Risch H. A., McLaughlin J. R., Cole D. E., Rosen B., Bradley L., Fan I., Tang J., Li S., 
Zhang S., Shaw P. A., Narod S. A. 2006. Population BRCA1 and BRCA2 mutation 
frequencies and cancer penetrances: a kin-cohort study in Ontario, Canada. Journal of 
the National Cancer Institute, 98, 23: 1694-1706 
Rizner T. L. 2013. Estrogen biosynthesis, phase I and phase II metabolism, and action in 
endometrial cancer. Molecular and Cellular Endocrinology, 381, 1-2: 124-139 
Rizner T. L., Thalhammer T., Ozvegy-Laczka C. 2017. The Importance of Steroid Uptake 
and Intracrine Action in Endometrial and Ovarian Cancers. Frontiers in Pharmacology ,  
8, 346, doi:10.3389/fphar.2017.00346: 22 p. 
Rojas V., Hirshfield K. M., Ganesan S., Rodriguez-Rodriguez L. 2016. Molecular 
Characterization of Epithelial Ovarian Cancer: Implications for Diagnosis and 
Treatment. International Journal of Molecular Sciences, 17, 12: 2113 
Rosato V., Zucchetto A., Bosetti C., Dal Maso L., Montella M., Pelucchi C., Negri E., 
Franceschi S., La Vecchia C. 2011. Metabolic syndrome and endometrial cancer risk. 
Annals of Oncology, 22, 4: 884-889 
Rotti K., Stevens J., Watson D., Longcope C. 1975. Estriol concentrations in plasma of 
normal, non-pregnant women. Steroids, 25, 6: 807-816 
Ruder H. J., Loriaux L., Lipsett M. B. 1972. Estrone sulfate: production rate and metabolis m 
in man. The Journal of clinical investigation, 51, 4: 1020-1033 
Sakaguchi H., Fujimoto J., Aoki I., Toyoki H., Khatun S., Tamaya T. 2002. Expression of 
oestrogen receptor alpha and beta in uterine endometrial and ovarian cancers. European 
Journal of Cancer, 38 Suppl 6, S74-75 
Secky L., Svoboda M., Klameth L., Bajna E., Hamilton G., Zeillinger R., Jäger W., 
Thalhammer T. 2013. The sulfatase pathway for estrogen formation: targets for the 
treatment and diagnosis of hormone-associated tumors. Journal of drug delivery, 2013, 
957605, doi:10.1155/2013/957605: 13 p. 
Simpson E. R. 2003. Sources of estrogen and their importance. Journal of Steroid 
Biochemistry and Molecular Biology, 86, 3-5: 225-230 
Sinreih M., Knific T., Anko M., Hevir N., Vouk K., Jerin A., Frković Grazio S., Rižner T. 
L. 2017. The Significance of the Sulfatase Pathway for Local Estrogen Formation in 
Endometrial Cancer. Frontiers in Pharmacology, 8doi:10.3389/fphar.2017.00368: 16 p. 
59 
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 
   M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Molecular and Functional Biology , 2021 
 
 
Slotman B. J., Kuhnel R., Rao B. R., Dijkhuizen G. H., de Graaff J., Stolk J. G. 1989. 
Importance of steroid receptors and aromatase activity in the prognosis of ovarian 
cancer: high tumor progesterone receptor levels correlate with longer survival. 
Gynecologic Oncology, 33, 1: 76-81 
Smuc T., Rizner T. L. 2009. Aberrant pre-receptor regulation of estrogen and progesterone 
action in endometrial cancer. Molecular and Cellular Endocrinology, 301, 1-2: 74-82 
Šmuc T., Rižner T. L. 2009. Aberrant pre-receptor regulation of estrogen and progesterone 
action in endometrial cancer. Molecular and Cellular Endocrinology, 301, 1: 74-82 
Soltysik K., Czekaj P. 2013. Membrane estrogen receptors - is it an alternative way of 
estrogen action? Journal of Physiology and Pharmacology, 64, 2: 129-142 
Stewart S. A., Hahn W. C., O'Connor B. F., Banner E. N., Lundberg A. S., Modha P., Mizuno 
H., Brooks M. W., Fleming M., Zimonjic D. B., Popescu N. C., Weinberg R. A. 2002. 
Telomerase contributes to tumorigenesis by a telomere length-independent mechanism. 
Proceedings of the National Academy of Sciences, 99, 20: 12606-12611 
Sugawara T., Nomura E., Fujimoto S. 2004. Expression of enzyme associated with steroid 
hormone synthesis and local production of steroid hormone in endometrial carcinoma 
cells. Journal of Endocrinology, 180, 1: 135-144 
Tempest N., Maclean A., Hapangama D. K. 2018. Endometrial Stem Cell Markers: Current 
Concepts and Unresolved Questions. International Journal of Molecular Sciences, 19, 
3240, doi:10.3390/ijms19103240: 26 p. 
Urabe M., Yamamoto T., Naitoh K., Honjo H., Okada H. 1989. Estrone sulfatase activity in 
normal and neoplastic endometrial tissues of human uterus. Asia-Oceania Journal of 
Obstetrics and Gynaecology, 15, 1: 101-106 
van den Berg-Bakker C. A. M., Hagemeijer A., Franken-Postma E. M., Smit V. T. H. B. M., 
Kuppen P. J. K., Claasen H. H. V. R., Cornelisse C. J., Schrier P. I. 1993. Establishment 
and characterization of 7 ovarian carcinoma cell lines and one granulosa tumor cell line: 
Growth features and cytogenetics. International Journal of Cancer, 53, 4: 613-620 
van der Putten L. J. M., van Hoof R., Tops B. B. J., Snijders M. P. L. M., van den Berg-van 
Erp S. H., van der Wurff A. A. M., Bulten J., Pijnenborg J. M. A., Massuger L. F. A. G. 
2017. Molecular profiles of benign and (pre)malignant endometrial lesions. 
Carcinogenesis, 38, 3: 329-335 
Van Nyen T., Moiola C. P., Colas E., Annibali D., Amant F. 2018. Modeling Endometrial 
Cancer: Past, Present, and Future. International Journal of Molecular Sciences , 19, 
2348, doi:10.3390/ijms19082348: 18 p. 
Vaughan S., Coward J. I., Bast R. C., Berchuck A., Berek J. S., Brenton J. D., Coukos G., 
Crum C. C., Drapkin R., Etemadmoghadam D., Friedlander M., Gabra H., Kaye S. B., 
Lord C. J., Lengyel E., Levine D. A., McNeish I. A., Menon U., Mills G. B., Nephew 
K. P., Oza A. M., Sood A. K., Stronach E. A., Walczak H., Bowtell D. D., Balkwill F. 
60 
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 
   M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Molecular and Functional Biology , 2021 
 
 
R. 2011. Rethinking ovarian cancer: recommendations for improving outcomes. Nature 
Reviews Cancer, 11, 10: 719-725 
Wan J., Gao Y., Zeng K., Yin Y., Zhao M., Wei J., Chen Q. 2016. The levels of the sex 
hormones are not different between type 1 and type 2 endometrial cancer. Scientific 
Reports, 6, 39744, doi:10.1038/srep39744: 7 p. 
Watanabe K., Sasano H., Harada N., Ozaki M., Niikura H., Sato S., Yajima A. 1995. 
Aromatase in human endometrial carcinoma and hyperplasia. Immunohistochemical, in 
situ hybridization, and biochemical studies. The American journal of pathology, 146, 2: 
491-500 
Way D. L., Grosso D. S., Davis J. R., Surwit E. A., Christian C. D. 1983. Characterization 
of a new human endometrial carcinoma (RL95-2) established in tissue culture. In Vitro,  
19, 3: 147-158 
Webb P., Nguyen P., Valentine C., Lopez G. N., Kwok G. R., McInerney E., 
Katzenellenbogen B. S., Enmark E., Gustafsson J. A., Nilsson S., Kushner P. J. 1999. 
The estrogen receptor enhances AP-1 activity by two distinct mechanisms with different 
requirements for receptor transactivation functions. Molecular Endocrinology, 13, 10: 
1672-1685 
Wen C., Wu L., Fu L., Wang B., Zhou H. 2017. Unifying mechanism in the initiation of 
breast cancer by metabolism of estrogen (Review). Molecular Medicine Reports, 16, 2: 
1001-1006 
White B. A., Porterfield S. P. 2013. 10 - The Female Reproductive System. In: Endocrine 
and Reproductive Physiology. 4 th ed. White B. A., Porterfield S. P. (eds.). Philadelphia, 
Mosby: 215-238 
Wimalasena J., Meehan D., Cavallo C. 1991. Human epithelial ovarian cancer cell steroid 
secretion and its control by gonadotropins. Gynecologic Oncology, 41, 1: 56-63 
Wu H. M., Wang H. S., Huang H. Y., Soong Y. K., MacCalman C. D., Leung P. C. 2009. 
GnRH signaling in intrauterine tissues. Reproduction, 137, 5: 769-777 
Yamamoto T., Kitawaki J., Urabe M., Honjo H., Tamura T., Noguchi T., Okada H., Sasaki 
H., Tada A., Terashima Y., Nakamura J., Yoshihama M. 1993. Estrogen productivity 
of endometrium and endometrial cancer tissue; influence of aromatase on proliferation 
of endometrial cancer cells. The Journal of Steroid Biochemistry and Molecular 
Biology, 44, 4: 463-468 
Yanagibashi T., Gorai I., Nakazawa T., Miyagi E., Hirahara F., Kitamura H., Minaguchi H. 
1997. Complexity of expression of the intermediate filaments of six new human ovarian 
carcinoma cell lines: new expression of cytokeratin 20. British Journal of Cancer, 76, 
7: 829-835 
Yang G., Rosen D. G., Mercado-Uribe I., Colacino J. A., Mills G. B., Bast R. C., Jr., Zhou 
C., Liu J. 2007. Knockdown of p53 combined with expression of the catalytic subunit 
61 
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer . 
   M. Sc. Thesis (Du2). Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, MSc Molecular and Functional Biology , 2021 
 
 
of telomerase is sufficient to immortalize primary human ovarian surface epithelial 
cells. Carcinogenesis, 28, 1: 174-182 
Yang W. L., Godwin A. K., Xu X. X. 2004. Tumor necrosis factor-alpha-induced matrix 
proteolytic enzyme production and basement membrane remodeling by human ovarian 
surface epithelial cells: molecular basis linking ovulation and cancer risk. Cancer 
Research, 64, 4: 1534-1540 
Yeramian A., Moreno-Bueno G., Dolcet X., Catasus L., Abal M., Colas E., Reventos J., 
Palacios J., Prat J., Matias-Guiu X. 2013. Endometrial carcinoma: molecular alterations 
involved in tumor development and progression. Oncogene, 32, 4: 403-413 
Yuan Y., Kim W. H., Han H. S., Lee J. H., Park H. S., Chung J. K., Kang S. B., Park J. G. 
1997. Establishment and characterization of human ovarian carcinoma cell lines. 
Gynecologic Oncology, 66, 3: 378-387 
Zahid M., Beseler C. L., Hall J. B., LeVan T., Cavalieri E. L., Rogan E. G. 2014. Unbalanced 
estrogen metabolism in ovarian cancer. International Journal of Cancer, 134, 10: 2414-
2423 
Zhang L., Li X., Zhao L., Zhang L., Zhang G., Wang J., Wei L. 2009. Nongenomic effect of 
estrogen on the MAPK signaling pathway and calcium influx in endometrial carcinoma 
cells. Journal of Cellular Biochemistry, 106, 4: 553-562 
Zhu B. T., Conney A. H. 1998. Functional role of estrogen metabolism in target cells: review 
and perspectives. Carcinogenesis, 19, 1: 1-27 
Zucchetto A., Serraino D., Polesel J., Negri E., De Paoli A., Dal Maso L., Montella M., La 
Vecchia C., Franceschi S., Talamini R. 2009. Hormone-related factors and 
gynecological conditions in relation to endometrial cancer risk. European Journal of 
Cancer Prevention, 18, 4: 316-321 
  
Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer. 





I wish to express my sincere appreciation to my mentor, prof. dr. Tea Lanišnik Rižner for 
trustfully allowing me to work on such an interesting scientific issue. I am wholeheartedly 
thankful to my co-mentor, assis. dr. Maša Sinreih for sharing unreservedly her professional 
expertise, as well as to all the other members of our laboratory. I also thank the reviewer, 
prof. dr. Petra Golja for the constructive suggestions. 
I acknowledge the Public Scholarship, Development, Disability and Maintenance Fund of 
the Republic of Slovenia for providing me with an Ad futura scholarship.  






Gjorgoska M. Synthesis of estrogens in cell lines of endometrial and ovarian cancer. 





Appendix 1: Steroid hormone levels in healthy premenopausal and postmenopausal women († serum; ‡ plasma). 





Concentration (number of samples) 
Postmenopausal women  
Concentration (number of samples) 
Reference  
DHEA (288.4) 15.50 ± 7.59 nM (mean ± S.D.) († 47) 6.76 ± 4.09 nM (mean ± S.D.) († 377) (Rizner et al., 
2017) 




0.62 ± 0.24 nM (mean ± S.D.) († 47) 0.49 ± 0.24 nM (mean ± S.D.) († 377) (Rizner et al., 
2017) 
E1 (270.4) 142.38 ± 43.86 pM (mean ± S.D.) († 
19; follicular phase) 
280.47 ± 116.94 pM (mean 
± S.D.) († 19; luteal phase) 
53.95 (50.54-59.43) pM (median, 10-
90th%ile) († 423) 
(Rizner et al., 
2017) 
E2 (272.4) 140.97 ± 74.89 pM (mean ± S.D.) († 
19; follicular phase) 
380.54 ± 268.98 pM (mean 
± S.D.) († 19; luteal phase) 
15.45 (14.54-16.77) pM (median, 10-
90th%ile) († 423) 
(Rizner et al., 
2017) 
E3 (288.4) 27 ± 2.08 pM (mean ± S.E.M.) (‡ 18; 
follicular phase) 
38.49 ± 2.77 pM (mean ± 
S.E.M.) (‡ 15; luteal 
phase) 
20.81 ± 4.16 pM (mean ± S.E.M.) (‡ 
8) 
(Longcope, 
1984; Rotti et 
al., 1975) 
DHEA-S (368.6) 3.44 ± 1.68 μM (mean ± S.D.) († 47) 1.60 ± 0.98 μM (mean ± S.D.) († 377) (Rizner et al., 
2017) 
E1-S (350.4) 1.83 ± 1.06 nM (mean ± S.D.) († 19; 
follicular phase) 
5.48 ± 3.11 nM (mean ± 
S.D.) († 19, luteal phase) 
0.63 ± 0.03 nM 
(mean ± S.D.) († 377) 
(Rizner et al., 
2017) 
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continues from appendix 1: Steroid hormone levels in healthy premenopausal and postmenopausal women († serum; ‡ plasma).  
E2-S (352.4) < 280 pM Unknown (Pasqualini and 
Kincl, 1985) 
DHEA, dehydroepiandrosterone; E1, estrone; E2, estradiol; E3, estriol; DHEA-S, dehydroepiandrosterone sulfate; E1-S, estrone sulfate; E2-S, estradiol sulfate 
S.D., standard deviation; S.E.M., standard error of the mean
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Appendix 2: OC – control: (A) HIO-80, (B) OVSAHO. 
Priloga 2: OC – kontrola: (A) HIO-80, (B) OVSAHO. 
 
 
Appendix3: EC – control: (A) HIEEC, (B) RL 95-2. 
Priloga 3: EC – kontrola: (A) HIEEC, (B) RL 95-2. 
HIO-80 - control
Incubation period (h)
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